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Abstract  
Anxiety disorders are characterized by a significant impairment in one’s ability to inhibit or 
control their fear in response to cues that remind them of the initiating traumatic event. On 
the other hand, fear extinction is the gradual reduction in fear response, which occurs 
through repeated presentation of non-reinforced fear-related cues. Fear extinction is 
therefore an important evolutionarily conserved behavioural adaptation that is essential for 
survival. The evidence indicates that the infralimbic region of the medial prefrontal cortex 
(ILPFC) plays a critical role in the acquisition and maintenance of fear extinction memory; 
however, the cellular and molecular mechanisms involved in the formation and 
maintenance of fear extinction memory have not been fully elucidated.  
 
Epigenetic mechanisms are critically involved in the regulation of gene expression 
underlying learning and memory. Dynamic variation in cytosine methylation has emerged 
as a primary mechanism underlying experience-dependent plasticity in the nervous system 
and in the formation of fear-related memory. However, cytosine methylation is not the only 
DNA modification in eukaryotic genome. Recent studies have shown that 5-methylcytosine 
(5mC) can be oxidized and converted to 5-hydroxymethylaton (5hmC) by the ten-eleven 
translocation (Tet) family proteins. Moreover, 5hmC has been found to be highly enriched 
in the adult brain, can be dynamically regulated by neural activity, and accumulates across 
the lifespan. In this thesis, I build upon the hypothesis that Tet-mediated accumulation of 
5hmC may underpin the novel cellular and molecular processes that contribute to fear 
extinction memory. In support of this hypothesis, I first demonstrate that Tet3 gene 
expression is associated with neuronal activation in vitro. We next found that the 
expression of Tet3 mRNA, not Tet1 mRNA, is specifically induced after fear extinction 
training, in vivo. Interestingly, by blocking fear extinction with the NMDA antagonist, MK-
801, we found that learning-induced Tet3 mRNA expression is inhibited. Furthermore, 
lentiviral-mediated knockdown of Tet3 inhibits the consolidation of fear extinction memory. 
These data strongly suggest that Tet3 is critical for fear extinction memory.  
 
To expand on these findings, we performed high-throughput genome-wide sequencing for 
5hmC. This was enabled by sequencing samples derived from the infralimibic prefrontal 
cortex (ILPFC) of mice. We developed a novel protocol that allows one to profile the 
genome-wide landscape of 5hmC within the ILPFC of individual mice using low input DNA. 
By adopting this protocol, we mapped out the accumulation of 5hmC across the genome in 
the ILPFC following fear acquisition and fear extinction. We have found that, upon 
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behavioural training, there is a dramatic redistribution of 5hmC in response to learning. 
Moreover, by comparing the genome-wide data between fear conditioned and fear 
extinction-trained mice, we identified 233 unique genomic loci that exhibit accumulation of 
5hmC after extinction training. A gene ontology analysis revealed that 38 of 233 genomic 
loci are associated with genes encoding proteins that are known to be important for 
synaptic activity. Interestingly, we also observed a high frequency of CA dinucleotides 
within 5hmC-enriched regions. These data provide the first comprehensive genome-wide 
map of 5hmC following rapid behavioural adaptation.  
 
To further explore the relationship between Tet3, 5hmC and fear extinction learning, we 
investigated the functional relevance of a 5hmC peak within an intronic region of gephyrin, 
a gene that has previously been shown to play a critical role in fear extinction. We found 
fear extinction leads to increased occupancy of Tet3 at the gephyrin locus and leads to the 
accumulation of 5hmC, which promotes gephyrin gene expression. Tet3-mediated 5hmC 
accumulation at this locus also promotes a poised euchromatin state that may lead to the 
priming of transcription. By using lentiviral-mediated knockdown of Tet3, the above-
mentioned effects were completely abolished. Thus, this is the first evidence showing that, 
in the adult brain, fear extinction promotes Tet3-mediated accumulation of 5hmC, and 
correlates with learning-related chromatin modifications that underpin the formation of fear 
extinction memory.   
 
In summary, it is evident that DNA modifications in the adult brain are far more dynamic 
than currently appreciated. In this thesis, by elucidating the functional role of Tet3-
mediated hydroxymethylation in the regulation of gene expression and behavioural 
adaptation, I have gained and provided insight into how the neuroepigenome rapidly 
responds with experience. 
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Chapter(One:$!
Introduction!
1.1 Acquisition and extinction of conditioned fear  
Over the past few decades, Pavlovian fear conditioning has received considerable 
attention as an important experimental model for the study of the pathogenesis of human 
anxiety disorders. The acquisition of conditioned fear is a simple form of associative 
learning that an organism uses to predict and respond appropriately to aversive events. By 
pairing an initially neutral stimulus (e.g., tone or white noise) with an intrinsically aversive 
stimulus (e.g., mild footshock), a conditioned response (e.g. freezing) is formed and a 
robust fear memory is therefore induced.  
 
Conversely, fear extinction, which is another form of associative learning, was first 
examined by Pavlov (Pavlov, 1927). Fear extinction refers to the weakening of a 
conditioned response to the stimulus that had previously elicited aversive properties. 
During fear extinction, a gradual reduction in the fear response is accomplished by 
repeated presentation of non-reinforced fear-related cues.  Although fear extinction has 
been studied experimentally for almost a century, it has only recently become one of the 
hottest topics in neuroscience. One important reason is that this process has enormous 
clinical significance as it represents the explicit model of behavioural therapy (Myers et al. 
2006). Moreover, as the treatment of anxiety disorders involves the promotion of extinction 
(Ko et al. 1996; Marom & Hermesh 2003; Zalta 2015), elucidating the neural mechanisms 
underlying extinction is critical as this may one day lead to a better understanding of 
emotional disorders, and to the development of better treatments for disorders 
characterized by impaired cognitive control. 
 
1.1.1 Extinction is an important form of behavioural adaptation 
Currently, there is major debate over whether the extinction process simply involves 
forgetting or memory erasure or if it involves new learning that dissociates or overrides the 
original memory trace (Garelick & Storm 2005; Quirk et al. 2010; Kindt et al. 2009; Myers & 
Davis 2006).   
 
Forgetting is used to describe what happens to a memory as simply diminishes due to the 
passage of time. It implies that, in general, memory can degrade due to decay (Spear 
1978; Easterby-Smith & Lyles 2003). Fear-related memories are robust and resistant to 
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forgetting as both contextual and cued fear memory can last a lifetime in rodents (Lupien et 
al. 2009; Poulos et al. 2009; Fanselow 2010; Hunter & McEwen 2013). Moreover, in 
rodents, there is the behavioural phenomenon called renewal (Duvarci 2004; Eisenberg & 
Dudai 2004; Fanselow & Gale 2006). In this paradigm, a change in the environment can 
lead to a return of fear, even after extensive extinction training (Rauhut et al. 2001; Tamai 
& Nakajima 2000). Thus, it is unlikely that fear extinction involves forgetting or a complete 
erasure of the original fear memory. 
 
1.1.2 Neuronal substrates of fear extinction 
There are several brain regions that have been implicated in fear extinction. These include 
the amygdala, hippocampus, and the ventromedial prefrontal cortex (vmPFC). Evidence 
from animal and human studies suggest that the BLA, a sub-amygdalar nuclei, is involved 
in both the acquisition and extinction of conditioned fear (Rogan & LeDoux 1995; Cahill et 
al. 1995). It has been shown that the NMDA receptor agonist D-cycloserine facilitates fear 
extinction when infused directly into the BLA (Ledgerwood et al. 2003). Moreover, AP5, an 
N-methyl-D-aspartate (NMDA) receptor antagonist, has the opposite effect (Falls et al. 
1992). Inhibition of the ERK/MAPK pathway within the BLA can also prevent fear extinction 
(Lin et al. 1996; Lu et al. 2005). However, the BLA is not only associated with fear 
extinction, it has also been found to be intimately involved in fear acquisition.  
 
The hippocampus is necessary for contextual fear conditioning, and very important for 
renewal, as one function of the hippocampus is to control the context-specific expression 
of fear extinction. For instance, post-extinction training dorsal hippocampal (DH) lesions 
block CS-context-dependent retrieval of extinction (Ji & Maren 2005). Moreover, pre-
extinction inactivation of the DH prevents the acquisition of fear extinction memory. 
Furthermore, BDNF deletion within DH causes a reduction in fear extinction due to 
blocking the late-phase of long-term potentiation (L-LTP), which results in an impairment in 
the hippocampus-frontal cortex association (Sakata et al. 2013; Heldt et al. 2007). Thus, 
the hippocampus has been considered to be a critical brain region involved in contextual 
fear extinction. Nevertheless, there is no direct evidence to demonstrate that it stores 
extinction memory.  
 
The most important brain region involved in fear extinction is the medial prefrontal cortex 
(mPFC), which plays an important role in decision making, error detection, executive 
control, reward-guided learning, drug-seeking behaviour as well as fear extinction (Euston 
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et al. 2012). Subdivisions of rodent medial frontal cortex have been anatomically 
determined. There are four main structures in the mPFC: anterior cingulate cortex (ACd), 
prelimbic cortex (PL), infralimbic cortex (IL) and the dorsopeduncular cortex (DP). Butter et 
al. (1963) first demonstrated a study of the role of mPFC in extinction in primates. Later, 
Morgan and Ledoux demonstrated that vmPFC lesions had no effect on fear acquisition in 
rats; however, the same animals had difficulties with the expression of fear extinction 
across several days of training (Morgan et al. 1993). This was the first evidence to suggest 
that the vmPFC plays a role in extinction, but not fear conditioning. To pursue the idea, 
Quirk and colleagues inactivated the infralimibic mPFC (ILPFC) in rats, which led to 
impaired extinction memory recall (Quirk et al. 2000). Thus, the ILPFC is a critically 
important brain region involved in the regulation of extinction memory. 
 
It has been shown that blocking local protein synthesis, MAPK signalling pathway, NMDA 
signalling and pharmacological inactivation in the ILPFC all block the formation of 
extinction memory (Santini et al. 2004; Matsuda et al. 2010; Hugues et al. 2006; Gilmartin 
et al. 2013; Fontanez-Nuin et al. 2011; Yang et al. 2006; Holmes et al. 2012; Mao 2006). In 
contrast, promoting long term plasticity within the ILPFC enhances fear extinction (Marek 
et al. 2011). Moreover, enhancing metabolic activity in the ILPFC promotes the expression 
of extinction memory (Barrett et al. 2003; Gonzalez-Lima 2004). Interestingly, by injecting 
artificial BDNF into the ILPFC fear extinction can also be enhanced without the 
requirement of further training (Peters et al. 2010). Together, these studies strongly 
implicate the ILPFC in the modulation of fear extinction.  
 
1.1.3 How is fear extinction memory maintained over time? 
We know that elements of fear extinction memory are stored within the ILPFC; however, 
little is known about the molecular mechanisms underlying the formation and maintenance 
of long-term extinction memories. Extinction memory formation requires the regulation of 
gene expression and protein synthesis (Agranoff 1967; Flexner et al. 1963; Santini et al. 
2004). Paradoxically, although memory can last a lifetime, the expression of long-lived 
proteins or mRNA molecules that underpin these memories often have half-lives of 
approximately 11 days or less (White 1999; Selinger 2003; Hirotsune et al. 2003). Thus, 
there must be a self-perpetuating mechanism of gene regulation that is required for the 
maintenance of long-term memory.  
 
DNA is considered as a fundamental component of the code of life, it is present and largely 
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intact over the lifetime of an organism. It has been hypothesised that changes in DNA 
could be self-perpetuating, which may serve to promote long-term memory. Griffith and 
Mahler suggested that enzymatic modifications of nucleotides following learning could 
direct long-term changes in transcription and translation, and alter the formation and 
maintenance of memory (Griffith & Mahler 1969). The collection of these enzymatic 
modifications of nucleotides has come to be known as the epigenome, where ‘epi’ means 
‘above genome’, which controls stable and sometimes heritable changes in gene 
expression without altering the underlying genetic sequence (Bird 2002).  
 
1.2 Epigenetic mechanisms are dynamically regulated in the brain 
Historically, epigenetic modifications were thought of as only those that were stable 
enough to be heritable across cell division, development or through the germline. An 
evolving concept of epigenetic mechanisms has emerged to include nucleotide 
modification, histone modification, nucleosome remodelling, RNA interference and RNA-
directed epigenetic regulation. More recently, evidence has suggested an environmental 
role, which can dynamically regulate epigenetic mechanisms. For example, methyl-
supplementation in a female mouse alters the epigenetic regulation of the agouti gene in 
their offspring (Wolff et al. 1998). Moreover, epigenetic differences arise during the lifetime 
of monozygotic twins (Fraga et al. 2005). In addition, there is emerging evidence indicating 
that the neuroepigenome is far more dynamic than currently realized and is directly 
implicated in the regulation of gene expression underlying memory (Li et al. 2014; Wei et 
al. 2012; Murgatroyd et al. 2009; Martinowich 2003; Miller & Sweatt 2007). Thus, 
modifications or changes along the epigenome may be reversible or altered across the 
lifespan; therefore, epigenetics offers a degree of plasticity that is congruent with the 
dynamic nature of memory. Over the past decade and to encompass this novel regulatory 
field in the brain, a new scientific term has been established, known as neuroepigenetics. 
   
 
1.2.1 Neuroepigenetics 
Waddington coined the term “epigenesis” to capture the concept that, during development, 
a layer of mechanisms exist that reside above the level of genes, which controls their 
output in order to specify cell fate. Research on epigenetics in the brain started in the early 
1960s. Griffith and Mahler suggested that there are proteins that can influence DNA 
methylation during learning and memory formation (Griffith & Mahler 1969). Later, 
Vanyushin demonstrated that DNA methylation, one of the major epigenetic marks, is 
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involved in fear related learning and memory (Vanyushin et al. 1973). This landmark study 
was the first to show that the mammalian neuronal genome can be modified through an 
experience-induced epigenetic pathway. However, even with all of these impressive 
discoveries, epigenetics remained out of focus. A PubMed search revealed only 5 
publications from 1969 to 1985 in the broad area of neuroepigenetics. However, over the 
last 10 years, the field has started to refocus its efforts on the epigenome. From a recent 
PubMed survey, it is clear that the investigation of epigenetic mechanisms in the brain has 
exploded. Within the past 5 years, there are now more than 2350 publications that 
specifically focused on the neuroepigenome. It is evident that there is a dynamic interplay 
between genes and environment (nature versus nurture) and that epigenetic modification 
in the brain is highly dynamic and serves to regulate experience-dependent gene 
expression.  
 
1.2.2 Neuroepigenetics in fear extinction  
Fear-related learning requires changes in gene transcription and translation to promote the 
formation and stabilization of memory. This raises the exciting possibility that the 
neuroepigenome may have been co-opted to support adaptation and long-lasting 
behavioural changes related to fear learning, and especially, for the formation of fear 
extinction memory.   
 
Following the early discoveries, influential work by Bredy et al. (2007) and Barrett et al. 
(2007) addressed the importance of altered epigenetic marks in the formation of fear 
extinction memory. Beyond these findings, there is increasing evidence to suggest that 
epigenetic mechanisms are critically involved in fear-related learning and memory (Wei et 
al. 2012; Marek et al. 2011; Lin et al. 2011; Graeff et al. 2012; Miller & Sweatt 2007; Day & 
Sweatt 2010), and DNA modification, in particular, figures prominently in this process (Day 
& Sweatt 2010; Miller & Sweatt 2007). 
 
1.2.3 DNA modification in the brain 
DNA modification is a biochemical process where a chemical tag (methyl group) is added 
to the 5th carbon position on the cytosine base. It can be regulated in both a spatial and 
temporal manner and serves as an important layer of control over gene expression. It 
greatly influences the structural complexity of the genome and influences a variety of 
biological processes, including embryonic stem cell differentiation, host-pathogen 
interactions, as well as DNA damage and repair. The experience-dependent modification 
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of DNA, once considered static and functionally restricted to directing the early 
development of the cellular phenotype, together with the activation of mechanisms 
associated with DNA synthesis and repair, are now known to be very dynamic and 
frequently occur in post-mitotic cortical neurons within the adult brain (Vanyunshin et al. 
1973; Day & Sweatt 2010; Miller & Sweatt 2007). However, at time this thesis was being 
prepared, these observations were restricted to just one base modification: 5-
methylcytosine (5mC). 
 
1.2.4 DNA methylation in memory formation 
Typically, when DNA methylation occurs close to the transcription start site (TSS), gene 
expression is silenced. This reaction is catalysed by enzymes called DNA 
methyltransferases (DNMTs), which enables lifelong marking of specific bases across the 
genome, potentially allowing for sustained changes in gene expression, which may be 
necessary for memory maintenance.  
To elucidate the functional role of DNA methylation in memory formation, the field first 
focused on DNMTs. For example, inhibition of DNMTs blocks memory retrieval (Miller et al. 
2010; Han et al. 2010; Lubin et al. 2008). Moreover, infusion of DNMT inhibitors into the 
lateral amygdala after the reactivation of an auditory fear memory disrupts the expression 
of reconsolidation-dependent long-term memory (Maddox et al. 2014). Furthermore, 
neuronal deletion of DNMTs leads to memory deficits in the contextual water maze and 
contextual fear conditioning (Lubin et al. 2008). These results indicate that de novo DNA 
methylation may contribute to the maintenance of long-term memory. 
The functional relevance of DNA methylation in memory has been extensively explored in 
fear-related learning. For example, hippocampal-dependent contextual fear conditioning 
triggers rapid methylation and transcriptional silencing of the memory suppressor gene 
protein phosphatase 1 (Lubin et al. 2008; Day & Sweatt 2010). In addition, 
pharmacologically inhibiting DNA methylation 30 days after contextual fear learning alters 
the maintenance of the otherwise persistent fear memory (Miller et al. 2010). Indeed, 
persistent changes in DNA methylation are also involved in memory maintenance. Within 
memory-related genes there are simultaneous increases or decreases in promoter 
methylation (Lubin et al. 2008; Day & Sweatt 2010; Miller et al. 2010). It is notable that 
DNA methylation is not the only DNA modification that contributes to memory formation, 
active DNA demethylation is also involved.  
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1.3 Active DNA demethylation 
The basic principle of active DNA demethylation is the removal of a methyl group from the 
cytosine base. This process is widespread and occurs in plants, as well as animals during 
development and adulthood, and during somatic cell reprogramming of pluripotency genes.  
Despite significant advances in epigenetic research over the past decade, the specific role 
and mechanisms involved in active DNA demethylation remain to be fully elucidated. In the 
adult brain, neurons are non-dividing; thus, active DNA demethylation could be highly 
associated with neuronal plasticity.   
1.3.1 Possible mechanisms of active DNA demethylation in the brain 
With respect to active DNA demethylation, diverse reports and observations have failed to 
merge into a consistent model. Base/nucleotide-excision repair enzymes, including those 
that promote deamination and cytosine oxidization, all feature prominently in exciting, yet 
bewildering, combinations, which ultimately lead to signal-specific patterns of 
demethylation.  
In general, there are two broad categories of active DNA demethylation. The first is known 
as targeted lesion-induced demethylation (TLD), which includes processes that first act by 
introducing mutagenic intermediates at or near 5mCs, and then introduce changes in 
double strand DNA base pairing and the recruitment of the DNA repair machinery for direct 
and efficient removal of methylated cytosine.  This process involves TDG, MBD4 and AID. 
The second approach is called targeted modification-induced demethylation (TMD) (Niehrs 
& Schäfer 2012). This does not require any change in double strand DNA pairing. Instead 
of introducing mutations that lead to DNA mismatch repair, it directly converts 5mC to other 
modifications. For instance, ten-eleven translocation (Tet) proteins can directly convert 
5mC into 5-hydroxymethylation (5hmC) that can be oxidized further to form 5-
formylcytosine (5fC) and 5-carboxylcytosine (5caC). 5caC can then be replaced by a non-
methylated cytosine through a base excision repair mechanism (Ito et al. 2010). 
Subsequently, an important question has risen: do DNA modifications, which are the by-
products of active DNA demethylation, remain in genome? The answer to this question 
remains equivocal and will be the subject of much research in neuroepigenetics in the 
years to come. 
1.3.2 Besides cytosine methylation 
Because prior technologies and methods were not sensitive, 5hmC, 5fC and 5CaC had 
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gone undetected (Li et al. 2013). For example, bisulfide conversion does not distinguish 
between DNA methylation and other modifications on cytosine (Huang et al. 2010). 
Moreover, 5hmC, 5fC and 5CaC are normally found within less than 1% of the total 
mammalian genome, therefore prior methods simply could not detect them under normal 
conditions. In recent years, with the advent of new sequencing technology, these DNA 
modifications have been rediscovered (Roberts et al. 2013).  
By using mass spectrometry and chemical chromatography, 5hmC was recently detected 
in the neuronal genome (Kriaucionis & Heintz 2009). Additionally, 5hmC has been found to 
be highly abundant within the adult central nerve system (Guo et al. 2011; Szwagierczak et 
al. 2010). Furthermore, high levels of Tet expression have also been detected in the adult 
brain (Szwagierczak et al. 2010), and Tet1-mediated accumulation of 5hmC promotes cell 
activation through active DNA demethylation in the dentate gyrus of the adult mouse (Guo 
et al. 2011). More interestingly, 5hmC has recently been observed as a stable DNA 
modification (Wang et al. 2012; Wang et al. 2013). Thus, the evidence suggests that 5hmC 
is involved in neuronal activity; however, there is no direct evidence supporting a 
relationship between 5hmC and fear-related learning and memory. Therefore, it is 
essential to extend current research on 5hmC into experience-dependent plasticity and 
memory.      
1.4 Projects rationale and aims 
In 2009, Kriaucionis & Heintz rediscovered 5hmC as an epigenetic modification that exists 
in neurons of the adult brain (Kriaucionis & Heintz 2009). At the same time, a separate 
group demonstrated that the ten-eleven translocation (Tet) family of enzymes (Tet 1-3) 
convert 5mC to 5hmC (Tahiliani et al. 2009). Moreover, a recent study has shown that 
5hmC blocks the binding capacity of methylated DNA binding domain proteins (MBDs) with 
5mC, and induces active DNA demethylation associated with increased gene expression 
(Xu et al. 2011). This raises the possibility that the Tet proteins are capable of establishing 
a distinct epigenetic state and/or initiating a Tet-dependent active DNA demethylation 
process associated with fear-related learning. In agreement with this hypothesis, Tet 1 and 
3 are highly expressed in cortical neurons within the adult brain, and particularly within the 
ILPFC. Thus, the main aim of this thesis is to understand how the Tet protein family and 
DNA hydroxymethylation contributes to the processes underlying fear-extinction memory.  
 
I hypothesize that DNA hydroxymethylation is a necessary process involved in the 
formation and maintenance of fear memory via its influence on altering the local epigenetic 
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environment of genes associated with fear and its extinction. In order to test this 
hypothesis, the following aims will be addressed: 
 
Aim 1: To determine whether the genes encoding the tet family is activity-dependent in 
primary cortical neurons, in vitro.  
 
Aim 2: To explore the association of the Tet family of proteins in the acquisition and 
extinction of conditioned fear.  
 
Aim 3: To characterize how Tet enzymes modify the neuroepigenome following the 
extinction of conditioned fear.  
  
Aim 4: To establish a causal relationship between Tet enzymes, DNA hydroxymethylation, 
epigenetic regulation of gene expression and fear extinction memory. 
 
  
 
1.5 Final outcomes and significance 
In this thesis, I aim to discover how 5hmC, as a novel mechanism of neuronal gene 
expression in the adult brain, contributes to the formation and maintenance of fear 
extinction. To extend current next generation sequencing (NGS) strategies, I will develop a 
novel genome-wide sequencing approach that can be used to theoretically profile any DNA 
modification in a region- and cell-type-specific manner (Chapter 3). Moreover, by using this 
newly developed NGS strategy, it will allow me to characterize learning-induced changes 
of 5hmC in the adult mouse brain. In addition, I will provide the first genome-wide profiles 
of altered 5hmC that arise in response to fear extinction learning (Chapter 4). Overall, the 
findings will make a significant contribution to our understanding of the basic molecular 
mechanisms of fear-related memory and behavioural adaptation. They will also add to a 
deeper understanding of the mechanisms by which the epigenetic regulation of gene 
function contributes to memory formation, which may then be applied to the development 
of more effective intervention strategies for anxiety disorders. 
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Chapter Two:  
On the role of active DNA demethylation in establishing 
epigenetic states associated with neural plasticity and memory. 
2.1 Preface 
Early evidence indicates that the learning-induced accumulation of 5mC is key for fear-
related learning and memory. However, neuronal activity equally induces active DNA 
demethylation, which suggests that a dynamic interaction between the two processes may 
be essential for cognitive function. DNA demethylation is a complex process, which 
contains several sub-layers and a variety of proteins. By summarizing the current literature, 
this has led me to propose that each layer of the DNA demethylation process might play a 
different role in regulating neural plasticity and memory formation. 
 
 Within this chapter, we provide an overview of our current understanding of active DNA 
demethylation and discuss how each stage of active DNA demethylation could contribute 
to learning, memory and synaptic plasticity.   
 
2.2 Work Presented as Publication 
This work was published in the peer-reviewed journal Neurobiology of learning and 
memory in 2013 (Li et al., 2013).  
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1. Introduction
Epigenetic mechanisms, including a diverse range of histone
modifications, ATP-dependent chromatin remodeling, histone var-
iant exchange, and the direct covalent modification of DNA, influ-
ence transcriptional activity in all cell types by regulating the
chromatin landscape (Berger, 2007; Cantone & Fisher, 2013; Muss-
elman et al., 2012). Cytosine methylation (5-mC) is one of the most
well characterized epigenetic marks, and is involved in a variety of
cellular processes including genomic imprinting, maintenance of
epigenetic states, X chromosome inactivation and genome stability
(Bird, 2002; Yu, Baek, & Kaang, 2011). Once considered to be rela-
tively static and functionally restricted to the coordination of tran-
scriptional programming during early development, a number of
recent studies have suggested a continued role for dynamic varia-
tions in DNA methylation across the lifespan, particularly with re-
spect to alterations in neuronal gene expression that directly
impact experience-dependent plasticity and behavior (Baker-And-
resen, Ratnu, & Bredy, 2013; Costello, 2003; Day & Sweatt, 2010;
Ladd-Acosta et al., 2007; Ming & Song, 2011; Suzuki & Bird,
2008). Although DNA methylation has been implicated in synaptic
plasticity and memory (Feng et al., 2010; Miller & Sweatt, 2007),
active DNA demethylation is also induced by learning suggesting
that an interplay between the two processes is necessary for cog-
nitive function (Lubin, Roth, & Sweatt, 2008).
5-Hydroxymethylcytosine (5-hmC) is a newly identified base
derived from 5-mC that is highly expressed in the adult brain
(Kriaucionis and Heintz, 2009), and is thought to represent a func-
tional intermediary during active DNA demethylation. Active DNA
demethylation involves a host of enzymes including members of
the ten-eleven translocation (Tet1-3) family of proteins, which
mediate the conversion of 5-mC to 5-hmC (Tahiliani et al., 2009),
thymine DNA glycosylase (TDG), and methyl-CpG-binding domain
protein 4 (MBD4) (Cortellino et al., 2011; Zhu et al., 2000), the
RNA/DNA editing enzyme activation-induced cytidine deaminase
(AID), and growth arrest and DNA damage 45 (Gadd45a, b, and
c), which recruit nucleotide and/or base excision repair factors to
gene-specific loci and act as adapters between repair factors and
chromatin (Niehrs and Schafer, 2012). Given the complexity of this
network, it is perhaps not surprising that we know little about the
relationship between active DNA demethylation and transcrip-
tional activity, particularly with respect to experience-dependent
plasticity in post-mitotic neurons in the adult brain, as summa-
rized in Table 1. In the following sections we present an overview
of the current understanding of active DNA demethylation, which
suggests that it is a critical component of experience-dependent
changes in the chromatin environment. Considering the various
factors that are required for active DNA demethylation, it is pro-
posed that this dynamic process establishes epigenetic states nec-
essary for neural plasticity and memory formation.
2. Ten-eleven translocation (Tet) proteins
The Tet family of proteins convert 5-mC to 5-hmCvia oxidization
of 5-mC (Ito et al., 2010; Tahiliani et al., 2009; Fig. 1a). Importantly,
recent observations indicate that Tet-mediated hydroxymethyla-
tion occurs in the adult brain in an activity-dependent manner. For
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example, Guo, Su, Zhong, Ming, and Song (2011) found that Tet1
overexpression in the adult hippocampal dentate gyrus leads to a
significant increase in the global distribution of 5-hmC. Moreover,
Tet1 knockdown completely abolishes electroconvulsive shock-in-
duced demethylation of both brain-derived neurotropic factor
(BDNF) exon IX and fibroblast growth factor 1B (Fgf1B), two neural
plasticity-related genes that are sensitive to epigenetic modifica-
tion. These observations were the first to suggest that Tet1 is in-
volved in neuronal activity-induced DNA demethylation (Guo
et al., 2011).
Although the precise mechanism by which Tet proteins are di-
rected toward genomic loci to promote active DNA methylation
Fig. 1. Mechanisms of active DNA demethylation.(a) Hydroxylation of 5-methylcytosine (5-mC) by Tet1-3, followed by further oxidation to form 5-formylcytosine and then
5-carboxylcytosine, which is removed by DNA glycosylases (TDG and MBD4) through base exision repair (BER). (b) 5-mC is oxidized by Tet proteins to yield 5-
hydroxymethylcytosine, which is then deaminized by AID to form 5-hydroxymethyluridine and removed by TDG/MBD4-mediated BER. (c) Gadd45 protein family directly
remove 5-mC by nucleotide excision repair (NER).
Table 1
Summary of known effects of active DNA demethylation in the adult rodent brain on behavior and/or neural plasticity (Abbreviations: Tet1: ten-eleven translocation protein 1;
DNMT1/3a: DNA methyltransferase 1/3a; Gadd45b: growth arrest and DNA-damage-inducible beta; HPC: hippocampus; FC: frontal cortex; PFC: prefrontal cortex; BDNF: brain-
derived neurotropic factor; Fgf1B: fibroblast growth factor 1b; NR2B: glutamate receptor subunit epsilon-2; GAD67: glutamate decarboxylase 67; LTP: long-term potentiation;
CPP: conditioned place preference; mEPSCs: excitatory post-synaptic currents).
Manipulation Brain region Gene Genomic region Behavior References
Tetl KD HPC BDNFIX/FgflB Promoter N/A Guo et al. (2011)
DNMTl/3aKO HPC Genome wide N/A ;LTP Feng et al. (2010)
DNMT Inhibition PFC Genome wide N/A ;Acquisition of cocaine CPP Han, Li, Wang, Yang, and Sui (2010)
;Retrieval of cocaine CPP
HPC Genome wide N/A ;mEPSCs Nelson, Kavalali, and Monteggia (2008)
HPC Genome wide N/A ;LTP Levenson et al. (2006)
In vitro NR2B Gene body N/A Marutha Ravindran and Ticku (2009)
Gadd45b KO HPC BDNF/FgflB Regulatory element N/A Ma et al. (2009)
HPC Genome wide N/A "Contextual fear memory/LTP Sultan et al. (2012)
HPC Genome wide N/A ;Contextual fear memory Leach et al. (2012)
Histone Alteration FC Reelin/GAD67 Promoter N/A Dong, Guidotti, Grayson, and Costa (2007)
In vitro Reelin/GAD67 Promoter N/A Kundakovic, Chen, Guidotti, and Grayson (2009)
Fear related learning HPC Reelin Promoter N/A Miller and Sweatt (2007)
HPC BDNF Exon N/A Mizuno, Dempster, Mill, and Giese (2012)
PFC BDNF P4 Promoter N/A Lubin et al. (2008)
CIE treatment In vitro NR2B 50 Regulatory region N/A Qiang et al. (2010)
mGlu2/3 receptor activation PFC BDNFIX/Reelin/Gad 67 Promoter N/A Matrisciano et al. (2011)
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is not yet known, recent evidence suggests that it may be related to
how they bind to DNA. Structurally, each Tet protein contains a
catalytic C-terminal domain, which provides hydroxylase activity.
In addition to this domain, Tet1 and Tet3 also harbor a CXXC zinc
finger-binding domain that leads to high affinity binding at geno-
mic loci containing the sequence CXXC (in theory, ‘‘X’’ could be
A, T, G or C). Thus, this CXXC binding motif may be involved in
the recruitment of Tet1 and Tet3 to DNA (Williams, Christensen,
& Helin, 2012; Wu & Zhang, 2010a). Interestingly, when the CXXC
domain is unmodified (i.e., demethylated) it is recognized by the
epigenetic modifier Cfp1, which promotes the accumulation of
the activating histone mark H3K4me3 (Clouaire et al., 2012; Wu,
D’Alessio, Ito, Xia et al., 2011b; Xu, Bian, Lam, Dong, & Min,
2011). Importantly, this epigenetic modification reflects an open
chromatin structure that is permissive for gene transcription. Thus,
in response to neural activity, perhaps Tet1 initiates active DNA
demethylation, thereby allowing Cfp1 to bind to unmethylated
CXXC sites. This would lead to an activated transcriptional state,
similar to that which occurs in embryonic stem cells (Wu, D’Ales-
sio, Ito, Wang et al., 2011a). Thus, by binding gene promoters, Tet1
may contribute to the establishment of a transcriptionally permis-
sive chromatin environment surrounding activated neuronal genes
during early development, as well as in the adult brain in response
to experience.
In contrast to Tet1, very little is known about the function of
Tet2 or Tet3. Although it is highly expressed in the adult cortex,
most studies of Tet2 have examined its role in cancer and early
development (Delhommeau et al., 2009; Figueroa et al., 2010; Ko
et al., 2011; Mullighan, 2009; Tefferi et al., 2009; Xu et al., 2012).
These studies reported a correlation between Tet2 and global
DNA hypomethylation, and demonstrated that Tet2 knockdown
leads to defects in neuronal differentiation. Tet3 is highly ex-
pressed in mouse oocytes and zygotes, and is necessary for hydrox-
ylation of 5-mC in the paternal pronucleus (Gu et al., 2011; Iqbal,
Jin, Pfeifer, & Szabó, 2011; Wossidlo et al., 2011). Conditional dele-
tion of Tet3 in mouse oocytes prevents the resetting of DNA meth-
ylation in zygotes and impairs the reprogramming of somatic
nuclei. Furthermore, the promoter region of genes such as Oct4
and Nanog, which are critically involved in pluripotency, fail to ex-
hibit demethylation after Tet3 knockdown (Gu et al., 2011). Impor-
tantly, Tet3 is also highly expressed in cortical neurons
(Szwagierczak, Bultmann, Schmidt, & Leonhardt, 2010), although
in the adult brain no known function has been ascribed to this iso-
form. In a series of preliminary studies, we have found that extinc-
tion learning leads to a dramatic redistribution of 5-hmC within
the cortex (Li and Bredy, unpublished data). Under certain condi-
tions, both Tet1- and Tet3-mediated hydroxylation of methylated
cytosines may therefore be involved in neural plasticity and,
potentially, in the formation of memories associated with changes
in previously learned contingencies. In contrast to Tet1, the Tet3
CXXC binding domain recognizes unmodified C followed by A, T,
C or G, with a preference for non-promoter CpGs (Xu et al.,
2012). Interestingly, DNA methyltransferase 1 (DNMT1) also binds
selectively to unmodified CXXC domains (Fatemi, Hermann, Prad-
han, & Jeltsch, 2001). Thus, it is possible that Tet3 maintains
hypomethylated states by blocking DNMT1-mediated remethyla-
tion. Furthermore, although Tet3 knockdown causes deficits in
neuronal differentiation (Hahn et al., 2013), catalytically inactive
Tet3 mutant mice retain some degree of DNA demethylation (Xu
et al., 2012), which suggests that the Tet3 protein may also be in-
volved in recruiting or interacting with other transcription factors
and histone modifiers independent of its enzymatic activity. Thus,
Tet3-mediated accumulation of 5-hmC may be associated with the
establishment of bivalent chromatin states, suggesting an impor-
tant role for active DNA demethylation in rendering plasticity-re-
lated genes poised for activation.
3. Activation-induced cytidine deaminase (AID)
AID was originally identified as an RNA editing enzyme that is
critically involved in generating antibody diversity (Muramatsu
et al., 2000). It is now known that AID is also necessary for dynamic
reprogramming of pluripotent stem cells (Bhutani et al., 2010) and,
based on its ability to promote Tet1-mediated hydroxylation of
methylated cytosine (Guo et al., 2011), this enzyme has been
implicated in active DNA demethylation (Morgan, Dean, Coker,
Reik, & Petersen-Mahrt, 2004; Rai et al., 2008; Fig. 1b). AID contrib-
utes to active DNA demethylation through a process called deam-
ination in response to the accumulation of 5-hmC. 5-mC is first
converted to 5-hmC and then to 5-hydroxymethyluridine (5-
hmU) by AID-mediated deamination, after which 5-hmU is re-
moved by base excision repair. What makes this pathway so
intriguing is the fact that AID acts only on single-stranded DNA
(Shen et al., 2009), which then raises the question: how can AID-
dependent demethylation occur in the absence of replication?
Although the answer to this question is not yet known, emerging
evidence indicates that AID and Tet1 predominantly occupy pro-
moter regions (Guo et al., 2011). Thus, Tet1 and AID may function
together to selectively demethylate the promoter region of their
target genes, whereas non-promoter DNA demethylation would
be mediated by other epigenetic regulatory mechanisms. Indeed,
we have observed that the activity-dependent demethylation of
proximal promoters is prevented by AID knockdown (Ratnu and
Bredy, unpublished data), whereas demethylation occurring within
gene bodies appears to be unaffected. Whether AID contributes to
active DNA methylation associated with learning and memory re-
mains to be determined.
4. Thymine DNA glycosylase (TDG)
TDG is functionally expressed in both the embryonic and adult
brain, although its expression decreases significantly with age. It
also exhibits spatiotemporal variation in the brain, with the high-
est levels of expression found in the cerebellum (Marietta, Palom-
bo, Jiricny, & Brooks, 1998). The putative role of TDG in active DNA
demethylation first came to light when an enzyme purified from
embryonic nuclear extracts showed weak 5-mC DNA- and strong
G/T mismatch-glycosylase activity (Jost, 1993; Jost, Siegmann, &
Leung, 1995; Vairapandi, Azam, Balliet, Hofman, & Liebermann,
2000; Vairapandi & Duker, 1993). It is not yet known whether
TDG contributes to active DNA demethylation in the adult brain;
however, several novel functions of TDG have recently been pro-
posed, which point to a role in mediating experience-dependent
neural plasticity and memory. The identification of the seventh
and eighth bases, 5-formylcytosine (5-fC) and 5-carboxylcytosine
(5-caC) raised the possibility that TET promotes active DNA
demethylation by successive oxidation of 5-mC. However, apart
from TET, whose efficiency for successive steps of oxidation de-
creases dramatically (Ito et al., 2011), no other enzyme has been
identified that can catalyze this reaction. It was recently discovered
that TDG directly targets 5-fC:G and 5-caC:G dinucleotide pairs
(Maiti & Drohat, 2011) and that 5-caC accumulates across the gen-
ome in the brains of TDG-deficient mice. Thus, 5-fC and 5-caC
might represent bona fide targets of TDG rather than simply being
byproducts of oxidation of 5-hmC or processed by still to be iden-
tified enzymes. Perhaps more intriguingly, there is a direct interac-
tion between DNMT3a/b and TDG (Cortázar et al., 2011; Li, Zhou,
Zheng, Walsh, & Xu, 2006). Given that DNMT3a has recently been
shown to act as a dehydroxymethylase (Chen, Wang, & Shen, 2012,
2013) and that DNMT3a is predominantly expressed in neurons
within the adult brain (Feng et al., 2005), TDG binding might lead
to the recruitment of DNMT3a to facilitate the removal of 5-hmC
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via a dual functional role for DNMT3a/b in the mature central ner-
vous system.
5. Methyl-CpG-binding domain protein 4 (MBD4)
In an interesting development, Zhu et al. (2000) found that the
methyl binding protein, MBD4, had the capacity to remove 5-mC
from hemi-methylated DNA. However, a major concern about
MBD4 and its role as a putative DNA demethylase is that its 5-
mC DNA glycosylase activity is weak compared to its bias toward
G:T mismatched DNA substrates. MBD4 and TDG have since been
proposed to be involved in active DNA demethylation by base exci-
sion repair (BER) (Cortellino et al., 2011; Guo et al., 2011; Hajkova
et al., 2010; Hendrich, Hardeland, Ng, Jiricny, & Bird, 1999). Two
groups have successfully generated MBD4-deficient mice using
gene targeting techniques to introduce a null mutation into the
murine MBD4 gene (Millar et al., 2002; Wong et al., 2002). Mice
deficient for MBD4 have a two- to three-fold increase in the num-
ber of C to T transition mutations at CpG sites compared to wild-
type mice, providing strong evidence in favor of G:T mismatch
activity rather than direct demethylase activity for MBD4. Further-
more, MBD4 recognizes the G:U and G:5-hmU mismatch, which is
then deaminated by AID (Hashimoto, Liu et al., 2012; Hashimoto,
Zhang, and Cheng, 2012; Morera et al., 2012). In addition, MBD4 re-
moves T misincorporated opposite O6-methyguanine (Cortellino
et al., 2003), indicating that the primary function of MBD4 is asso-
ciated with DNA lesion repair by BER. Recently, it has been pro-
posed that binding to a single CpG:T lesion by the MBD4
glycosylase domain prevents simultaneous binding of the MBD do-
main, and it is therefore more likely that the MBD domain binds to
the adjacent CpG sites (Manvilla, Maiti, Begley, Toth, & Drohat,
2012). As of yet, there are no published studies demonstrating
the involvement of MBD4-mediated demethylation in neural plas-
ticity or in learning and memory. However, we have recently ob-
served a 2-fold increase in the nuclear expression of MBD4 in
response to fear extinction training (Wei et al., 2012). Thus, consid-
ering its association with DNMT1 and DNMT3b (Boland & Christ-
man, 2008; Ruzov et al., 2009), MBD4 might participate in active
DNA demethylation in the adult brain by interacting with DNMTs
and by forming a complex with members of the Gadd45 family
of proteins.
6. Growth arrest and DNA damage 45 (Gadd45)
Three mechanisms of active DNA demethylation involving the
Gadd45 (a, b, and c) family of proteins have been proposed. The
first of these is removal of 5-mC by nucleotide excision repair
(NER) (Le May et al., 2010; Schmitz et al., 2009; Schäfer, Schomach-
er, Barreto, Döderlein, & Niehrs, 2010; Fig. 1c). The recruitment of
Gadd45a and other components of the NER repair machinery to
ribosomal RNA (rRNA) genes is facilitated by TBP-associated factor
12 (TAF12) and leads to DNA demethylation and rRNA gene activa-
tion (Schmitz et al., 2009). Moreover, Gadd45a over-expression
activates a DNA methylation silenced reporter plasmid and directs
DNA demethylation through its interaction with the endonuclease
XPG. Deamination of 5-mC to thymine by AID (Morgan et al., 2004)
and subsequent removal of a T–G mismatch by the base excision
repair pathway. The T–G mismatch is recognized by the DNA gly-
cosylases TDG or MBD4, together with their binding partner Gad-
d45a. Studies in zebrafish have suggested that AID, MBD4 and
GADD45a can cooperate in demethylating a methylated DNA du-
plex (Rai et al., 2008). A tertiary complex between TDG, AID, and
GADD45a has also been identified, which is thought to coordinate
BER-mediated DNA demethylation (Cortellino et al., 2011). Finally,
conversion of 5-mC to 5-hmC by Tet1-3, followed by BER, may also
involve Gadd45 (Guo et al., 2011).
In zebrafish, Gadd45 family members act redundantly to pro-
mote demethylation, and combined knockdown of all three iso-
forms is required in order to observe a global decrease in DNA
demethylation (Rai et al., 2008), evidence which indicates that they
share similar roles in DNA demethylation and are functionally
redundant. However, as opposed to Gadd45a, recent findings sug-
gest that Gadd45bmay represent a common target of physiological
stimuli in different neurons in vivo, and may be critically involved
in regulating DNA demethylation associated with activity-depen-
dent neural plasticity. In adult mice, electroconvulsive treatment
increases hippocampal neurogenesis and induces the expression
of Gadd45b, which mediates active DNA demethylation at promot-
ers of genes encoding BDNF IX and Fgf1B, two genes crucial for
neurogenesis and synaptic plasticity (Ma et al., 2009). Further-
more, infusion of the metabotropic glutamate receptor (mGluR2/
3) receptor agonist LY379268 leads to increased Gadd45b binding
to the promoter region of Reelin, BDNF, and glutamate decarboxyl-
ase-67 (GAD67), which correlates with demethylation within all
three genes. Moreover, activation of mGluR2/3 receptors rescues
social interaction deficits in mice, suggesting a causal link between
Gadd45b-mediated DNA demethylation, neural plasticity, and
behavioral adaption (Matrisciano, Dong, Gavin, Nicoletti, & Guidot-
ti, 2011). Furthermore, there is also an association between
Gadd45b activity and fear-related learning and memory (Leach
et al., 2012; Sultan, Wang, Tront, Liebermann, & Sweatt, 2012),
although there is some controversy as to whether hippocampal
Gadd45b activity serves to promote or constrain the formation of
contextual fear memories. Nonetheless, the findings are consistent
with the hypothesis that Gadd45b is transcriptionally regulated by
experience and that this epigenetic modifier influences memory
formation.
It is clear that the Gadd45 family of proteins are involved in
DNA demethylation; however, there is no direct evidence of
Gadd45-mediated demethylation of genes related to synaptic plas-
ticity. Contextual fear training induces the expression of both
Gadd45b and Gadd45c (Sultan et al., 2012), and therefore, the pos-
sibility remains that these isoforms function in an activity-depen-
dent manner, whereas Gadd45a regulates DNA demethylation
through its role as a coactivator for TDG or MBD4. Recently, Chen
et al. (2013) made the surprising discovery that DNMT1 functions
as a Ca2+- and redox-state-dependent DNA demethylase in addi-
tion to its known role as a DNA methyltransferase. Thus, together
with the finding that Gadd45a interacts with DNMT1 (Lee, Mor-
ano, Procellini, & Muller, 2012) and that DNMTs are generally re-
quired for synaptic plasticity (Feng et al., 2010), Gadd45a may be
involved in regulating neural plasticity and memory through its di-
rect interaction with DNMTs. Finally, site-specific DNA demethyla-
tion mediated by Gadd45a requires the accumulation of H3K4me3,
further emphasizing the important relationship between active
DNA demethylation and the establishment of epigenetic states
(Schäfer, Karaulanov, Stapf, Döderlein, & Niehrs, 2013).
7. 5-hmC, active DNA demethylation, and the establishment of
persistent epigenetic states
Since Tet-mediated 5-hmC was rediscovered in 2009 (Kriaucio-
nis & Heintz, 2009; Tahiliani et al., 2009) it has figured predomi-
nantly as an intermediate epigenetic modification during active
DNA demethylation. In embryonic stem cells, Tet1 exhibits a
strong preference for genomic regions with CpG-rich motifs within
gene promoters (Tahiliani et al., 2009; Williams et al., 2011; Wu
and Zhang, 2010b), suggesting that Tet1 may be more directly in-
volved in gene activation than the other members of the Tet family
(Fig. 2a). The highest levels of 5-hmC are found in the adult brain
(Globisch et al., 2010; Kinney et al., 2011), which suggests that this
128 X. Li et al. / Neurobiology of Learning and Memory 105 (2013) 125–132
particular DNA modification may be far more functionally relevant
in non-dividing cell populations than currently realized. Szulwash
et al. (2011) observed a significant increase in brain-specific 5-hmC
across the lifespan and a persistent accumulation of 5-hmC mainly
located in the distal region of TSS and in gene bodies. Moreover, in
support of this finding, emerging evidence indicates that 5-hmC is
a stable epigenetic mark which serves to regulate gene expression
by recruiting unidentified 5-hmC ‘‘readers’’ (Deplus et al., 2013;
Frauer et al., 2011; Sérandour et al., 2012; Wu, D’Alessio, Ito, Wang
et al., 2011a). More recently, by using a quantitative mass-spec-
trometry-based proteomic approach, brain-specific 5-hmC ‘‘read-
ers’’ have been identified (Spruijt et al., 2013). Thus, perhaps
accumulation of 5-hmC within inter- or intragenic regions across
the neuronal genome, mediated by Tet3, leads to the establishment
of euchromatic states surrounding regulatory regions of plasticity-
related genes (Fig. 2b). Moreover, the existence of a strand-specific
patterns of 5-hmC in the neuronal genomemay interact with 5-mC
to create bivalent 5-mC/5-hmC states which would also contribute
to regulating the chromatin landscape and promote genomic met-
aplasticity (Baker-Andresen et al., 2013). Given that Tet3 selec-
tively binds to intragenic regions in the neuronal genome, and
that the accumulation of 5-hmC at inter- and intragenic region is
highly associated with the distal regulatory elements, persistent
Tet3-mediated accumulation of 5-hmC within these regions would
further promote the establishment of a poised euchromatin envi-
ronment maintained by the increased occupancy of histone marks
such as H3K4me1, H3K36me3 and H3R2me2s, each of which has been
identified as a hallmark of an open chromatin structure and are
highly associated with non-promoter regulatory regions across
the genome (Bogdanovic et al., 2012; Hon, Hawkins, & Ren, 2009;
Khare et al., 2012; Migliori et al., 2012; Sérandour et al., 2012).
8. Outstanding questions and future directions
Active DNA demethylation is involved synaptic plasticity and
memory formation (Guo et al., 2011; Leach et al., 2012; Ma et al.,
2009; Matrisciano et al., 2011; Sultan et al., 2012); however, it is
unclear how this epigenetic mechanism is regulated in a cell
type- and region-specific manner. Do activated and quiescent neu-
rons exhibit similar epigenomic profiles or can they be distin-
guished in response to experience? Active DNA demethylation
involves oxidation, deamination, and DNA repair; thus, are these
enzyme-mediated modifications of DNA interconnected or do they
act independently during the formation of memory? DNA methyl-
ation occurs at different genomic loci within different cells (Wu
et al., 2010). Given that active DNA demethylation is abundant
throughout the neuronal genome, does this epigenetic process
serve different functions depending on where it accumulates in re-
sponse to experience? Indeed, non-CpG DNA methylation has been
demonstrated to be involved in regulating gene expression within
the mammalian brain (Xie et al., 2012), and, with respect to 5-hmC,
Tet proteins are known to bind to non-CpG methylated loci (Xu
et al., 2012). However, direct evidence for non-CpG hydroxymethy-
lation within the brain, and whether it is sensitive to experience,
remains elusive. To address these questions, future studies will re-
quire advances in cell type- and genomic locus-specific resolution.
To detect differences in active DNA demethylation in specific cell
types, fluorescence activated cell sorting (FACS) technology can
be used. For example, by targeting a neuronal-specific marker
NeuN, FACS can enrich for neurons from homogenized neuronal
populations in the adult brain (Guez-Barber et al., 2012). Moreover,
in combination with other markers, this approach can be used to
determine specific patterns of active DNA demethylation within
excitatory neurons, inhibitory neurons, astrocytes and glia, and
how cell-specific demethylation pathways interconnect to regulate
synaptic activity. Recent studies have shown that neurons harbor a
distinct DNA methylation pattern (Nishioka et al., 2012), which
may the result of neuron-specific DNA demethylation processes.
In addition, by targeting immediate early genes such as Arc and
Fos, FACS sorting could also be used for selecting activated cell
populations during a learning event (Barth, 2007). Memory forma-
tion requires a dynamic interplay of DNA methylation and DNA
demethylation. Therefore, studying activated cell populations
would lead to a better understanding of the crosstalk between
DNA methylation and demethylation, and how they related to
memory circuits.
Fig. 2. Hypothetical model of Tet-mediated 5-hmC priming of experience-dependent gene expression. (a) Following learning or neuronal activation, Tet1 initiates active DNA
demethylation at gene promoter region through BER (i, ii and iii). A relaxed chromatin environment promotes RNA polymerase binding and gene transcription proceeds. (b)
After the gene has been activated, Tet3 is translocated to the nucleus by AID. Tet3 accumulates around 5-mC within intragenic loci (i) and converts 5-mC to 5-hmC (ii).
Together with an unidentified protein complex, persistent accumulation of intragenic 5-hmC promotes a euchromatin environment by recruiting 5-hmC ‘‘readers’’ (iii)
thereby establishing a ‘‘poised’’ epigenetic state to facilitate gene expression upon subsequent stimulation.
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To further understand how active DNA demethylation within a
distinct neuronal population contributes to experience-dependent
plasticity, advances in genome locus-specific resolution is also re-
quired. In recent years, by merging with high throughput, genome-
wide, sequencing technology, each DNA demethylation step has
been characterized. For example, Tet1-associated bisulfite
sequencing (TAB-seq) permits the determination of 5-hmC (medi-
ated by Tet1) at single nucleotide resolution. This method could al-
low researchers to analyze DNA demethylation on individual
cytosine cross all the genome (Yu et al., 2012); however, the disad-
vantage of this method is the requirement of large amounts of
starting material. On the other hand, hydroxymethylated DNA
immunoperciptation (hmeDIP) sequencing is an antibody-based
approach and, by using a pre-pooling protocol, far less gDNA is re-
quired. Interrogation of activated cell populations would require
an approach such as this where the amount of gDNA would be
the rate-limiting step. Moreover, by using different antibodies, it
would relatively straightforward to target each individual demeth-
ylation process within the brain. With the power of bioinformatics,
neuroscientists can focus on specific genomic loci and identify
experience-dependent changes in active DNA demethylation within
specific regions of the genome.
Finally, transcriptional activator-like effector TALE technology
allows for targeted activation and repression of candidate genes
in neurons. There are two available TALE constructs: TALE-nucleas-
es (TALEN) and TALE-transcriptional factors (TALE-TFs). Interest-
ingly, with respect to TALE-TFs, the TALE DNA-binding domain is
fused to the synthetic VP64 transcriptional activator, which recruit
RNA polymerase and other factors to initiate transcription (Sanjana
et al., 2012), If this VP64 transcriptional factor could be replaced by
the catalytic domain of specific DNA demethylase, this technique
could permit the regulation of a specific genomic locus that is
known to be sensitive to active DNA demethylation. This method
would further our understanding of how exactly DNA demethyla-
tion contributes to the regulation of genes directly involved in
learning and memory. In summary, it is evident that by obtaining
a deeper understanding of the mechanisms of active DNA demeth-
ylation, and how they exert control over transcriptional activity
through the establishment of 5-hmC-mediated epigenetic states,
the relationship between experience-dependent changes in gene
expression, neural plasticity, and the formation of long-termmem-
ory will be fully elucidated.
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Chapter(Three:!
MBD"Ultra&Seq:&a&novel&method&for&identifying&inter"individual(and(cell"
type"specific'variation'in'DNA'methylation!
3.1 Preface 
Building on the hypothesis that 5hmC is involved in fear extinction (from chapter 2); I 
sought to identify genome-wide changes in 5hmC following fear extinction. Unfortunately, 
the amount of DNA available from a single mouse medial prefrontal cortex (mPFC) was not 
sufficient for the detection of hydroxymethylated DNA by available next-generation 
sequencing techniques (4ug of input DNA was required).  
 
To identify genome-wide changes in 5hmC using small amounts of DNA, I developed a 
new sequencing strategy. This novel strategy enables us to potentially identify any DNA 
modification genome-wide using as little as 100ng of DNA. Moreover, the data obtained 
reveals epigenetic changes in individual animals, which may explain individual differences 
in behaviour. In this chapter, we demonstrate that this powerful sequencing library 
preparation strategy could specifically detect genome wide CpG-methylation in a brain 
region- and cell type-specific manner. This work serves as a preliminary demonstration of 
application of this novel next-generation sequencing strategy that was subsequently used 
for identification of the genome-wide accumulation of 5hmC following fear extinction in 
Chapter 4.  
 
3.2 Results Presented as Publication 
This work was published in the peer-reviewed journal Gene, Brain and Behaviour in 2014 
(Li et al., 2014b).  
  
Genes, Brain and Behavior (2014) 13: 721–731 doi: 10.1111/gbb.12150
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Experience-dependent changes in DNA methylation
can exert profound effects on neuronal function and
behaviour. A single learning event can induce a variety
of DNA modifications within the neuronal genome,
some of which may be common to all individuals expe-
riencing the event, whereas others may occur in a
subset of individuals. Variations in experience-induced
DNA methylation may subsequently confer increased
vulnerability or resilience to the development of neu-
ropsychiatric disorders. However, the detection of
experience-dependent changes in DNA methylation
in the brain has been hindered by the interrogation of
heterogeneous cell populations, regional differences in
epigenetic states and the use of pooled tissue obtained
from multiple individuals. Methyl CpG Binding Domain
Ultra-Sequencing (MBD Ultra-Seq) overcomes current
limitations on genome-wide epigenetic profiling by
incorporating fluorescence-activated cell sorting and
sample-specific barcoding to examine cell-type-specific
CpG methylation in discrete brain regions of individuals.
We demonstrate the value of this method by character-
izing differences in 5-methylcytosine (5mC) in neurons
and non-neurons of the ventromedial prefrontal cortex
of individual adult C57BL/6 mice, using as little as 50ng
of genomic DNA per sample. We find that the neuronal
methylome is characterized by greater CpG methylation
as well as the enrichment of 5mC within intergenic loci.
In conclusion, MBD Ultra-Seq is a robust method for
detecting DNA methylation in neurons derived from
discrete brain regions of individual animals. This proto-
col will facilitate the detection of experience-dependent
changes in DNA methylation in a variety of behavioural
paradigms and help identify aberrant experience-induced
DNA methylation that may underlie risk and resiliency
to neuropsychiatric disease.
Keywords: DNA methylation, genome-wide, MBD, NeuN,
neuron, next-generation sequencing
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Experience-induced changes in DNA methylation are associ-
ated with the formation and maintenance of memory (Miller
& Sweatt 2007;Miller et al. 2010; Vanyushi et al. 1974), vulner-
ability to neuropsychiatric disorders following adverse early
life experiences (Chen et al. 2012; Labonte et al. 2012;Murga-
troyd et al. 2009; Weaver et al. 2004), as well as the develop-
ment of addiction (Anier et al. 2010; Day et al. 2013; Muschler
et al. 2010; Tian et al. 2012) and fear-related anxiety dis-
orders (Kang et al. 2013; Labonte et al. 2013). Accordingly,
epigenome-wide association studies stand to reveal a host
of novel biomarkers of susceptibility to psychiatric illness and
to shed light on common mechanisms of memory forma-
tion and maintenance. However, because of technical limita-
tions, genome-wide investigations of experience-dependent
changes in DNA methylation in vivo have predominantly
examined heterogeneous brain tissues (Day et al. 2013;
Grayson et al. 2005; Kang et al. 2013; Laufer et al. 2013;
Mill et al. 2008; Mizuno et al. 2012; Sabunciyan et al. 2012;
Simmons et al. 2012; Tian et al. 2012), which impedes the
discovery of disease- and learning-related changes in DNA
methylation (Guintivano et al. 2013).
Cellular heterogeneity confounds epigenetic profiling in
two ways (Guintivano et al. 2013; Heijmans & Mill 2012;
Michels et al. 2013). First, changes in cellular composition
within a region can produce spurious discoveries of changes
in DNA methylation (Guintivano et al. 2013). For example,
chronic stress induces microglial proliferation in the pre-
frontal cortex (Hinwood et al. 2012), which could be reflected
by global changes in DNA methylation if the entire cortex
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was examined, despite the absence of genuine intracellu-
lar changes in methylation. Secondly, if the change in DNA
methylation occurs within a distinct cell population, such
as recently activated neurons, even prominent changes in
5-methylcytosine (5mC) may be imperceptible because of
the relative underabundance of these cells in the regional
mosaic (Guintivano et al. 2013). Fortunately, several meth-
ods exist for isolating cells of interest from tissue, includ-
ing fluorescence-activated cell sorting (FACS) (Guez-Barber
et al. 2012; Iwamoto et al. 2011; Jiang et al. 2008; Kozlenkov
et al. 2013; Okada et al. 2011; Saxena et al. 2012), magnet
affinity cell sorting, laser-capture microdissection (Vincent
et al. 2002) and statistical correction for varying cellular com-
position (Guintivano et al. 2013). However, the amount of
DNA retrieved following the application of these techniques
is often insufficient for the preparation of next-generation
sequencing libraries that currently call for at least 1 μg
of DNA.
To sequence small amounts of DNA, tissue from multi-
ple biological replicates may be pooled or some form of
whole genome amplification employed. However, pooling
samples obscures inter-individual variation in methylation
that could govern differences in susceptibility to develop-
ing neuropsychiatric disorders, and whole genome amplifi-
cation has the potential to introduce bias and artefacts (Aird
et al. 2011; Warnecke et al. 1997). Furthermore, many proto-
cols become exceedingly labour-intensive and expensive if
applied to the large number of samples used in behavioural
paradigms. Here we describe a novel approach to determine
genome-wide CpG methylation in neurons derived from dis-
crete brain regions of individual animals by pairing FACS with
a modified MBD-Seq protocol. We have applied this tech-
nique using as little as 50 ng of DNA per animal to identify
differentially methylated regions (DMRs) within neurons and
non-neurons of the ventromedial prefrontal cortex (vmPFC)
of individual adult C57BL/6 mice. We find DMRs around sev-
eral neuron-specific genes and emphasize the importance of
using a cell-type-specific technique, as few of the regions of
5mC enrichment (RME) identified in neurons of the vmPFC
were also detected in a heterogeneous population of cells
derived from the vmPFC. We conclude that MBD Ultra-Seq
is a robust and cost-effective method for determining CpG
methylation on a genome-wide level in neurons and other
cell populations in individual animals. This technique will be
invaluable for identifying DMRs associated with learning and
memory, as well as for interrogating the neuronal epigenome
in neuropsychiatric disorders.
Materials and methods
Mice
Adult, male C57BL/6 mice (9-week-old, 20–25 g) were used for all
experiments. Mice were housed four per cage on a 12 h light:dark
cycle (lights on 0800h) in a humidity- and temperature-controlled
(22∘C) vivarium, with rodent chow and water provided ad libitum.
Mice were culled by cervical dislocation and whole brains were
snap frozen on liquid nitrogen and transferred to −80∘C storage.
All procedures were conducted according to protocols and guide-
lines approved by the University of Queensland Animal Ethics
Committee.
Dissection of the vmPFC
Ventromedial prefrontal cortices were microdissected by Palkovits
punch (Palkovits 1973). Briefly, whole brains were imbedded in
Tissue-Tek®O.C.T. compound (Sakura Finetek,MountWaverley, Aus-
tralia) and 300 μm coronal sections were serially cryosectioned from
2.96 to 0.26mm anterior to bregma. The vmPFC was retrieved using
a chilled brain punch (Stoelting, Wood Dale, IL, USA), with punches
of diameters 0.75–1.5mm, preselected according to the dimen-
sions of the vmPFC in each slice (Franklin & Paxinos 2007). Isolated
regions were placed immediately on dry ice and stored at −80∘C until
further use.
Isolation of neuronal and non-neuronal nuclei
Individual vmPFCs were dounce-homogenized on ice (Kimble Chase
Kontes, A pestle, K885300-0007, Murarie, Australia) in 1.5ml of
chilled nuclear extraction buffer (Jiang et al. 2008) [0.32M sucrose,
5mM CaCl2, 3mMMg(Ac)2, 0.1mM ethylenediaminetetraacetic
acid (EDTA), 10mM Tris–HCl (pH8), 1mM dithiothreitol (DTT), 1×
EDTA-free protease inhibitor cocktail, 0.3% Triton-X-100]. Nuclear
lysates were filtered through a 40-휇M cell strainer (BD Biosciences,
North Ryde, Australia) to remove clumps and centrifuged at 4∘C
for 7min at 700g. The supernatant was aspirated and nuclei were
gently resuspended in 550 μl of ice-cold 1× phosphate-buffered saline
(PBS). The blocking solution (5% bovine serum albumin, 10% normal
goat serum, 1× PBS) was prepared. The anti-NeuN antibody (1:1200,
Millipore, Kilsyth, Australia) was coincubated with the fluorescent
secondary antibody (1:1400 Alexa Fluor® 488, Invitrogen, Mount
Waverley, Australia) (Table 1, scale for number of samples) for 10min
at 4∘C on a rotating shaker; 50 μl was retained from each sample
and pooled for a secondary antibody-only control. Respective stains
were added to the nuclear solution and incubated for 1 h at 4∘C in
a dark room (see Table 1 for staining proportions). Prior to FACS,
the immunolabelled nuclei were centrifuged at 4∘C for 10min at
700g and gently resuspended on ice in ice-cold 1× PBS; 1 μl of
DAPI (Invitrogen) was added to the secondary-only control to identify
nuclei vs. debris. A BD FACSAria II (BD Biosciences) was used to
sort nuclei. Prior to sorting, 10 000 events from the secondary-only
control were used to gate events on the basis of their size, gran-
ularity and DAPI fluorescence (FITC) to isolate nuclei from debris
(Fig. 1a). From the selected nuclear population, we also established
non-specific labelling by Alexa488 (Fig. 1b). Prior to the sorting of
each NeuN-stained sample, 10 000 events were examined to verify
the position of the gates, as a distinct population of NeuN+ events
is easily recognizable (Fig. 1c). On average, the NeuN+ population
accounted for approximately 60% of the population, or approximately
80 000 events (Fig. 1).
DNA extraction
Nuclei were lysed overnight at 55∘C in lysis buffer (100mM Tris–HCl,
pH8.0, 5mM EDTA, 0.2% sodium dodecyl sulphate (SDS), 200mM
NaCl, 300 μg/ml proteinase K) (Gu et al. 2011). An equal volume
of phenol:cholorform:isoamyl alcohol (25:24:1) was added to each
sample and mixed by vortexing for 2min. Samples were centrifuged
at 14 000g for 5min at room temperature and the supernatant
was carefully isolated and transferred to a new tube; 2.5 sample
volumes of ice-cold 100% ethanol, 1 μl of glycogen (20mg/ml) and
NaCl (final concentration 250mM) were added to each sample. DNA
was precipitated for 4 h at −30∘C. Following precipitation, DNA was
centrifuged at 15000g for 30min at 4∘C. Pellets were washed with
ice-cold 70% ethanol and subject to further centrifugation (10min,
15 000g, 4∘C). Ethanol was removed and the pellets were dried by
vacuum centrifugation at 45∘C, then resuspended in 75 μl of ultrapure
H2O overnight. To maximize recovery, we recommend heating the
solution to 37∘C in a thermomixer for at least 30min to overnight.
Quantification of DNA was performed by Qubit dsDNA HS assay
(Invitrogen). We have found that spectrophotometry (i.e. Nanodrop;
Thermo Fisher Scientific, Waltham, MA, USA) is unreliable with
low amounts of DNA and can result in as much as a sevenfold
overestimation of the quantity of DNA. Qubit is robust in the presence
of phenol and salt contamination and provides reliable quantification;
70 000 events yield approximately 400 ng of genomic DNA (gDNA).
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Table 1: Nuclear staining of neuronal and non-neuronal samples
Reagent Anti-NeuN (μl) Alexa488 (μl) Blocking buffer (μl) 1× PBS (μl) Nuclear solution (μl)
Staining solution 0.6 (1:1200) 0.5 (1:1400) 50 150 500
Secondary control – 0.5 50 150 500
Staining solution in the proportion that is added to 500 μl of nuclei to identify NeuN+ and NeuN− nuclei. A secondary-only control is
used to account for background fluorescence.
Figure 1: Isolation neuronal and
non-neuronal nuclei by FACS. (a) The
population of nuclei (green and purple) was
gated based on size (FCS-A), cell granu-
larity (SSC-A) and fluorescence (DAPI, not
shown). (b) A secondary-only control was
used to gate NeuN− samples. (c) Neurons
(green) were identified using anti-NeuN
preconjugated to a fluorescent secondary
antibody (Alexa488). Approximately 80 000
events were identified as NeuN-positive,
constituting approximately 60% of all
events.
Library preparation
DNA fragmentation and concentration
DNA was randomly sheared by sonication (Covaris S2, North Mel-
bourne, Australia) to create fragments of approximately 300 bp in
length. For each sample, 50 ng of DNA was resuspended in 130 μl of
ultrapure H2O (Invitrogen), transferred to microTUBEs (Covaris) and
sonicated with the following settings: bath temperature: 4∘C, duty:
10%, intensity: 6, cycle/burst: 100, time: 180 seconds. Fragment size
was verified by Agilent 2100 Bioanalyzer DNA High Sensitivity Assay
(Fig. 2). Although generally robust for varying quantities of DNA, soni-
cation of low amounts of DNA requires optimization on a per lab basis.
Following sonication, samples were placed in a new microcentrifuge
tube and DNA was vacuum concentrated (Eppendorf concentrator
plus, Eppendorf, Hauppauge, NY, USA, V-AQ, 45∘C) to a final volume
50 μl.
End repair
Sonication generates fragments with varying 3′ and 5′ overhangs that
may also lack a phosphate group at the 5′ end, which renders them
incompatible with A-tailing and adapter ligation. End repair uses a
combination of polymerases with 3′ to 5′ exonuclease activity and
5′ to 3′ polymerase activity to remove 3′ overhangs and fill in 5′
overhangs respectively, as well as a polynucleotide kinase to add the
5′ phosphate group. All of these are contained in the End Repair Mix
(Illumina TruSeqTM DNA V2, San Diego, CA, USA).
The Resuspension Buffer and End Repair Mix were thawed on ice.
Samples were transferred to 200 μl thin-walled DNAse/RNAse-free
PCR tubes (Axygen, Wembley, Australia), and 10 μl of Resuspension
Buffer and 40 μl of End Repair Mix were added to each sample
of fragmented DNA. Samples were mixed thoroughly by gentle
pipetting and incubated in a thermal cycler (Bio-Rad, Hercules, CA,
USA) for 30min at 30∘C (lid 100∘C). After incubation, all samples
were spun briefly and transferred to 1.7ml low-bind microcentrifuge
tubes (Maxymum Recovery®; Axygen); 160 μl of AMPure XP beads
(Beckman Coulter, Brea, CA, USA) (1.6:1 beads:sample ratio) was
added to each sample and DNA was purified as prescribed in the
Illumina® V2 TruSeq sample preparation guide.We recommend using
1.7ml microcentrifuge tubes and a DynaMag (Invitrogen or similar
strength magnet) to facilitate handling. Samples were eluted in 17.5 μl
of Resuspension Buffer (vortex 15 sec, incubate at room temperature
for 30min, place onmagnetic stand for 5min) and 15 μl of supernatant
from each sample was transferred to new DNAse/RNAse-free PCR
tubes for A-tailing.
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Figure 2: Quantification of the size of DNA fragments fol-
lowing sonication. After sonication, fragment size was ver-
ified using using a Bioanalyzer with a High Sensitivity DNA
chip (Agilent Technologies). The majority of fragments were
approximately 300 bp in length.
A-tailing
The addition of an overhanging dA allows the ligation of the adapters,
which carry a complementary overhanging dT; 15 μl of end-repaired
DNA was mixed with 2.5 μl of Resuspension Buffer and 12.5 μl of
A-tailing Mix by gentle pipetting and incubated at 37∘C for 30min
in a preheated thermal cycler (lid 100∘C, temperature 37∘C). Trou-
bleshooting note: poor A-tailingmay cause inefficient adapter ligation.
The addition of fresh dATP may be helpful in resolving this issue.
Adapter ligation
The addition of adapters with sample-specific barcodes prior to
MBD pull-down allows multiple samples to be pooled for a robust
pull-down, while retaining sequence information pertaining to indi-
vidual animals. The dilution of adapters for low-input samples is key
to avoiding adapter dimers that would be sequenced and reduce the
coverage of the samples being sequenced.
Adapters were thawed and diluted (1:40) in Resuspension Buffer
(we recommend optimizing this dilution for specific quantities of
DNA and confirming the presence or absence of adapter dimers by
Bioanalyzer); 2.5 μl of Resuspension Buffer, 2.5 μl of ligation buffer
and 2.5 μl of the designated diluted adapter were added to individual
samples and mixed thoroughly by gentle pipetting. All samples were
incubated at 30∘C for 10min in a preheated thermal cycler. After
incubation, 5 μl of Stop Ligation Buffer was added to each sample
and mixed by pipetting. After ligation, samples were purified using
AMPure XP beads in a 1:1 v/v ratio according to TruSeq V2 guidelines.
Ligated DNA was eluted in 67 μl of ultrapure H2O. Please note that
Illumina has discontinued the V2 kit, andwe recommend the adapters
used in the latest HT kit or independent synthesis as an alternative.
We detected some adapter dimers by Bioanalyzer and therefore
repeated purification with AMPure XP beads in a 1:1 ratio, eluting in
67 μl of ultrapure H2O and retaining 65 μl of eluate in a new DNA
low-bind tube. We confirmed by Bioanalyzer that the amount of
adapter dimers was negligible in all samples. A 1:1 beads:sample
ratio removes a greater number of small fragments (size is less than
100bp) compared to the standard 1.6:1 ratio and this eliminates the
need for gel-based size selection.
Checking ligation efficiency
We determined that the percentage of remaining DNA that was
well-ligated by employing the Qubit dsDNA HS assay for total DNA
quantification, and the SYBR Fast Illumina Library Quantification Kit
(Kapa Biosystems, Thebarton, Australia) to determine the amount of
well-ligated DNA in each sample. Each sample was diluted 1:1000 in
Library Dilution Buffer prior to use of the Library Quantification Kit,
according to the manufacturer’s instructions.
Once the size-adjusted concentration of ligated sample in pM was
determined, we converted to ng/ml using the following formula:
ng∕ml = (concentration in pM ×molecular weight) ∕106
Molecular weight =
(
average length of fragment
+ adapter × 607.4) + 157.9
We then determined how many ng of well-ligated DNA was
present in each sample as a percentage of the amount (ng) from
Qubit. Typically 50–60% of fragments were well ligated.
Pooling and MBD pull-down
Within each group (vmPFC, NeuN+ cells, NeuN−cells) we pooled
12.5 ng of well-ligated DNA from each biological replicate (n=8) for a
total of 100 ng in a final volume of 10 μl. It is preferable to pool an equal
number of animals from each group in each pull-down, to account for
differences inMBDpull-down efficiency. To facilitate handling, we rec-
ommend using sterile 1.7ml microcentrifuge tubes and the DynaMag
magnetic stand (Invitrogen) in lieu of the items provided. In cases of
prolonged storage, it is often best to validate the kit using the included
controls prior to use. Methyl CpG binding domain pull-downs (Methyl-
collector Ultra; Active Motif, Karrinyup,, Australia) were performed as
per the manufacturer’s directions, under high salt (high stringency)
binding conditions. The captured methylated DNA was eluted in
100 μl of complete elution buffer. The methyl-enriched fraction was
then purified using AMPure XP beads (1.6:1 ratio, beads:sample) and
the enriched sample was eluted in 20 μl of Resuspension Buffer.
Amplification
Following MBD pull-down, 10 cycles of polymerase chain reaction
(PCR) were used to amplify well-ligatedmethylated DNA. The primers
provided anneal to a sequence common to all adapters and preserve
the sample-specific barcodes during amplification. Each pool was
amplified independently; 20 μl of each sample was transferred into
DNAse/RNAse-free PCR tubes and 5 μl of primer cocktail and 25 μl
of PCR master mix was added to the sample. PCR was performed
by initially denaturing for 30 seconds at 98∘C, followed by 10 cycles
of denaturation at 98∘C for 10 seconds, 30 seconds of annealing at
60∘C and 30 seconds of elongating at 72∘C, then a final 5min at 72∘C,
with the lid at 100∘C for the duration of thermocycling. PCR products
were purified using a 1:1 ratio of AMPure XP beads as previously
described, and eluted in 32.5 μl of Resuspension Buffer; 30 μl of
eluate was transferred to 0.6ml DNA low-bind tubes (Maxymum
Recovery; Axygen). If there is primer dimer contamination, another
AMpure XP beads purification step is required.
Final QC and sequencing
The final concentration of the PCR-enriched libraries was determined
by quantitative polymerase chain reaction (qPCR) against a reference
library of known cluster density using the Library Quantification Kit
(Kapa Biosystems) and Stratagene Mx3000P qPCR instrument (Agi-
lent Technologies,Mulgrave, Australia). The distribution of library frag-
ment size was determined using a Bioanalyzer with a High Sensitivity
DNA chip (Agilent Technologies). Each final library was adjusted to
8 μM and loaded into one lane of a HiSeq v.3 flow cell (Illumina) follow-
ing cluster generation on the Illumina c-Bot instrument and paired-end
(101 bp) sequencing was performed using a HiSeq 2000 (Illumina)
according to standard manufacturer’s instructions.
Bioinformatics
High-throughput DNA sequencing
Paired-end (PE) libraries were sequenced using the Illumina
HiSeq2000 sequencing platform with the read length of 101 bp*2,
image processing was performed using the standard Illumina
Genome Analyzer software and pipelines developed in house.
CASAVA software (v1.8.2) was used to demultiplex the samples.
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Aligning short reads to reference genome
PE reads were aligned to the reference genome of mouse (mm9)
using BWA (v0.6.2) (Li & Durbin 2009). Samtools (v0.1.17) (Li et al.
2009) was then used to convert ‘.sam’ files to ‘.bam’ files, sort and
index the ‘.bam’ files and remove duplicate reads. If the same library
was sequenced in different Illumina runs or lanes, we merged these
‘.bam’ files using Samtools before the step in which duplicates were
removed. Readswith lowmapping quality (Q<20) or that did not align
to the reference genome were excluded from the downstream peak
calling analysis.
Calling peaks
Model-based analysis of Chip-Seq (MACS; v1.4.2) (Zhang et al. 2008)
was used to call peaks for each sample with the parameter setting
‘-f BAM --keep-dup= all --nomodel --shiftsize 100 -gmm -p 1e-5--bdg’.
MACS is a popular peak calling software program used to identify
areas in a genome that have been enriched with aligned reads (or
peaks) as a consequence of performing next-generation sequencing.
In the case of MBD-Seq, these peaks correspond to regions with
increased methylation. MACS uses a dynamic Poisson distribution
to capture local biases effectively in the genome sequence and
evaluates the significance of enriched regions. ‘--keep-dup= all’ was
used because duplicate PE reads had been previously removed using
Samtools. ‘-p 1e-5/ was set as a default value of the P value cut-off for
peak detection relative to background. ‘--nomodel --shiftsize 100’ was
used to avoid model-based estimation of fragment size and instead
shift forward and reverse tags by 100bp to identify the midpoint of
the region of enrichment. ‘-gmm’ was set for mouse reference and
‘-bdg’ was set to save extended fragment pileup at every position into
a bedGraph file, which is helpful for plotting peaks.
All peak summits identified by MACS were then collected to get a
full list of potential methylation sites. CustomPERL script was applied
to parse the number of fragments (hereafter referred to as counts)
that covered the peak summit in each sample. Here fragments refer
to DNA fragments in the library that was used for sequencing. Thus,
each pair of properly aligned PE reads represents one fragment. The
total counts in each sample were normalized to 10 million, after which
the normalized counts for each summit were compared between
conditions using two-sided Student’s t-test. Peaks with P <0.05
and the mean of normalized counts in at least one group >5 were
considered as differentially methylated peaks between conditions.
Peak summits located within 600bp were grouped together and
treated as the same peak using a custom PERL script. The analysis
pipeline ‘Differentially Methylated Sites Analyzer (DMSA)’ is shown
in Appendix S5, Supporting Information and all PERL scripts used in
DMSA can be downloaded from https://github.com/Qiongyi/DMSA/.
Candidate DMR selection
We did not apply multiple testing corrections, choosing instead to
attempt validation of a number of DMRs with varying characteristics
in order to determine a criterion of real peaks vs. false positives as
others have done (Li et al. 2013). We took note of the P value and
fold change between groups as well as the read coverage, as others
recommend 5× coverage for identifying true DMRs (Trimarchi et al.
2012).
A 300bp region surrounding the peak summit of each candidate
DMR (n=16) was retrieved using UCSC’s genome browser (mm9),
and primers (Appendix S6) were designed (Primer3) to amplify a
120–200bp amplicons overlapping the peak summit. Primer speci-
ficity was tested using the NCBI blastn suite and optimized using
1 ng/μl sonicated gDNA, in 10 μl reactions [5 μl 2×Sybr, 1 μl primers
(forward+ reverse, 10 μM), 2 μl gDNA, 1 μl upH20].
Validation by MBD-qPCR
To provide both biological and technical validation, we generated
another cohort of neuronal and non-neuronal gDNA and performed
MBD pull-downs (Methylcollector Ultra; Active Motif) on individual
animals according to the manufacturer’s directions. Briefly we frag-
mented 300ng of gDNA by sonication and retained 14 μl as the
input DNA and to verify the fragment size using the Bioanalyzer. The
remaining DNA was vacuum concentrated to a volume of 10 μl prior
to MBD pull-down (high salt conditions). The methyl binding reac-
tion was incubated overnight at 4∘C on an end to end rotator. DNA
was purified by phenol chloroform extraction and EtOH precipitation
for 4 h at −30∘C. Methyl-enriched DNA was resuspended in 60 μl of
ultrapure H2O and incubated at 37∘C for 3 h to maximize dissolution.
Both input (in a final volume of 80 μl) and methyl-enriched DNA (in
60 μl) were stored at −30∘C in DNA low-bind tubes (Maxymum recov-
ery; Axygen). Quantitative polymerase chain reaction was performed
in duplicate using a Rotor Gene Q (Qiagen, Chadstone Centre, Aus-
tralia), and replicated if therewas any uncertainty. Relative enrichment
was calculated by normalizing to input, then using the delta-delta ct
method with the NeuN−group set as the control.
Results
Isolation of neuronal and non-neuronal nuclei from
the vmPFC
Immunolabelled neuronal (NeuN+) and non-neuronal
(NeuN−) nuclei were purified from whole vmPFCs by FACS
(Fig. 1, a–c). Approximately 60% of nuclei were neuronal (or
positive for NeuN); the remaining 40% was designated as
non-neuronal (or NeuN−) (Fig. 1c).
Neurons exhibit greater 5mC enrichment than
non-neurons
Neurons derived from the vmPFC have a distinct CpGmethy-
lation profile compared to non-neurons from the same region
or whole vmPFC (Fig. 3). On average, in each individual,
we identified significantly more RME (enriched relative to
background) in neurons (178±28 RME) than in non-neurons
(121±25 RME) or total vmPFC (128±48 RME) (F2,18 =7.72,
P <0.01, Tukey’s post-hoc test, neurons vs. non-neurons,
P <0.01, neurons vs. vmPFC, P <0.01, Fig. 4). Furthermore,
there were significantly more properly paired reads aligned in
neuronal samples (mean: 20083228 reads) than non-neurons
(mean: 10980756 reads) (t11 =2.74, P <0.05), which sug-
gests that this is because of more CpG methylation and not
a facilitated discovery of peaks in a homogeneous neuronal
population. However, only 43 of 113 significant DMRs (as
identified by Student’s t-test, Appendix S1)were hypermethy-
lated in neurons. This is consistent with a previous report of
global hypomethylation in neurons (Iwamoto et al. 2011). We
reconcile these observations by proposing that neurons have
more CpG methylation overall (Kozlenkov et al. 2013; Li et al.
2013; Lister et al. 2013) but are hypomethylated in CpG-rich
regions that are preferentially examined by the LUminomet-
ric Methylation Assay (LUMA) assay (Iwamoto et al. 2011)
and the high-stringencyMBD pull-downwe employed (Karimi
et al. 2006; Nair et al. 2011).
CpG DNA methylation is enriched in the 3′UTRs
of neurons
As expected, most regions of differential methylation (in neu-
rons vs. non-neurons) were located within intergenic regions
(Fig. 5a); collectively, these regions comprise the majority of
the genome. However, after normalizing for the cumulative
length of each region, we found an unexpected enrichment
of CpGmethylation in the 3′untranslated region (UTR) of neu-
rons (Fig. 5b). In contrast, there was significant enrichment of
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Figure 3: Neurons derived from the vmPFC have distinct
CpG DNA methylation compared to non-neurons or bulk
vmPFC. For each grouped differentially methylated region (see
Fig. 5), the number of biological replicates displaying significant
5mC enrichment (as detected by MACS) was considered. White
indicates that none of the samples (n=6–8/group) showed sig-
nificant enrichment; red indicates that all samples had significant
enrichment (displayed as ratio of all samples in the group, referred
to as ‘Value’ in this figure).
5mC in the 5′UTRs of non-neurons (Fig. 5b). There is exten-
sive lengthening of 3′UTRs in the mammalian brain, particu-
larly in neurons (Miura et al. 2013), which may be regulated
by differential DNA methylation. For example, methylation
of CpG islands in the mouse H13 and Herc3/Nap1l5 genes
promotes the use of downstream alternative polyadenylation
sites that result in the production of longer transcripts for
these genes (Cowley et al. 2012; Wood et al. 2008). There-
fore, hypermethylation of the 3′UTR in neurons may regulate
the lengthening of 3′UTRs in the mammalian brain, which
could in turn affect the stability of these transcripts (Miura
et al. 2013). It should be noted that each identified peak was
used for downstream analysis (for illustration, see Fig. 6),
rather than grouping peaks in close proximity, hence the dis-
crepancy between the average number of regions of 5mC
enrichment identified in individuals and the total number of
cell-type-specific DMRs (Appendix S2).
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Figure 4: Neurons display greater CpG methylation than
non-neurons or bulk vmPFC. On average more regions of
5mC enrichment are identified in neurons derived from the
vmPFC (178±28) than in non-neurons from the same region
(121±25) or bulk vmPFC (128±48), F2,18 =7.72, P <0.01,
Tukey’s post-hoc test, neurons vs. non-neurons, **P <0.01,
neurons vs. vmPFC,**P <0.01.
Validation of cell-type-specific methylation
A total of 16 DMRs were selected for confirmatory analysis
by MBD-qPCR (Appendix S3, Appendix S4). Candidate loci
varied in statistical significance, in fold difference in methy-
lation between cell types, in coverage of the region and in
the number of samples that were initially identified as having
the RME. A wide range of genomic loci were selected in an
attempt to identify the characteristics of DMRs that reliably
validate. We found that the DMRs identified by sequencing
must be covered by at least a mean of PE 5 reads (herein
referred to as 5× coverage, following normalization to 10 mil-
lion reads) in at least one cell type in order to validate reliably
by qPCR. Of the DMRs with 5× coverage in at least one
group, 10 of 12 candidates were validated byMBD-qPCR (see
Fig. 7 for select examples). As expected, we were unable to
validate similar DMRs with <5× coverage (four candidates,
see Appendix S3). These DMRs were marked by substantial
inter-individual variability, with regions of enrichment iden-
tified in only one or two biological replicates. While these
may reflect individual differences in methylation, they are not
reflected in consistent group differences. Correspondingly,
DMRs must be initially identified in at least half (3/6) of the
biological replicates in order to be validated as reliable group
differences byMBD-qPCR.We further caution that at this low
level of coverage (<5×) these DMRs may be misalignments
or artefacts of normalization. On the basis of our experience,
we recommend selecting candidates of the following charac-
teristics: P <0.02, fold difference >1.2, mean reads >5 and
present in at least half of all biological replicates. A minimum
of 5× coverage is key, as the ability to identify differences
between groups is strongly affected by enrichment levels
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Figure 5: Distribution of the genomic
locations of the regions of 5mC enrich-
ment. (a) When the number of peaks
is not normalized for the length of the
genomic region over 50% of regions of
5mC enrichment are found in the inter-
genic region, as this region is substan-
tially longer than all others. (b) When the
number of peaks is normalized for the rel-
ative length of the region, the neuronal
genome has a pronounced enrichment of
5mC in 3’UTRs of genes.
Figure 6: Individual regions of enrichment (S1–S4) vs. a
grouped region of 5mC enrichment. All individual regions of
5mC enrichment (S1–S4) were used in downstream analysis,
although thesemay occur within one broad region of 5mC enrich-
ment (grouped region of 5mC enrichment). Using all regions for
analysis is preferable as it avoids equally weighting DMRs that
are only defined by one or two biological replicates.
surrounding the locus, because of the fact that greater enrich-
ment results in greater depth of sequencing (Robinson et al.
2010; Trimarchi et al. 2012).
Discussion
To date, investigation of neuronal DNA methylation has been
restricted to candidate loci (Labonte et al. 2012; Matrisciano
et al. 2013; Nishioka et al. 2013; Schor et al. 2013), reduced
representations of the genome (Guo et al. 2011, Oh et al.
2013), or a meagre number of samples pooled from a num-
ber of individuals (Guo et al. 2013; Lister et al. 2013). These
methods are not amenable to the analysis of changes in DNA
methylation in response to learning and other environmental
experiences, where experiments necessitate the use of dis-
crete brain regions and cell types (i.e. neurons), as well as
numerous samples. MBD Ultra-Sequencing is well-suited for
such experiments, and the increase in resolution afforded by
the use of neurons and individuals, as well as the ability to
use as little as 50 ng of input DNA, will facilitate the discovery
of changes in DNA methylation related to memory formation
and maintenance.
The strength of MBD Ultra-Seq derives from several
improvements to existing protocols. First, we have increased
the yield of nuclei from tissue by eliminating the use of a
sucrose cushion when isolating nuclei (Jiang et al. 2008).
Moreover, the FACS procedure is applicable to other cell
types with distinct nuclear markers (i.e. TBR1 for pyrami-
dal neurons, unpublished observations) or to transgenic mice
with nuclear reporters. Barcoding individual samples using
sample-specific indices (Illumina Truseq V2) prior to MBD
pull-down also enabled the detection of inter-individual vari-
ability in DNA methylation from ‘pooled’ samples. Pool-
ing samples during MBD pull-down reduces the variabil-
ity attributed to differences in handling and pull-down effi-
ciency, particularly where low amounts of DNA are consid-
ered. Sample-specific barcodingwas also recently used in the
construction of reduce-representation bisulphite sequencing
(RRBS) libraries (Boyle et al. 2012).
When the size of the genomic region is not considered,
we find that the majority of differences in DNA methyla-
tion between neurons and non-neurons occur within inter-
genic regions. As most neuronal activity-induced changes
in DNA methylation are likewise located intergenically (Guo
et al. 2011), the use of MBD-based enrichment approaches
is preferable to RRBS, which does not provide coverage of
intergenic regions or 3′UTRs outside CpG islands (Wang et al.
2013).
Limitations
MBD Ultra-Seq provides one of the few methods for pro-
filing genome-wide methylation in a large number of sam-
ples; however, it is subject to certain limitations. Firstly,
messenger RNA (mRNA) cannot be extracted simultane-
ously from neurons, and consequently the direct relationship
between altered DNA methylation and gene expression can-
not be explored. There are a handful of protocols for iso-
lating whole neurons from adult brains (Guez-Barber et al.
2012; Lobo et al. 2006; Saxena et al. 2012); however these
suffer from reduced yield (120 000 NeuN+ events from an
entire mouse frontal cortex) and the RNA obtained may be
degraded (unpublished observations).
Secondly, unlike whole-genome bisulphite sequencing
(WGBS) (Guo et al. 2013; Lister et al. 2013), MBD Ultra-Seq
cannot be used to profile non-CpG methylation as MBD
2B/3 L binds exclusively to methylated cytosines in the CpG
dinucleotide context. However, in neurons, CpG methy-
lation accounts for 46–75% of all methylated cytosines
(Guo et al. 2013; Lister et al. 2013) and exhibits greater
inter-individual variability than non-CpG methylation (Lis-
ter et al. 2013), which may be indicative of an increased
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Figure 7: Candidate DMRs. Sequencing results (table) are derived from the average of all individual peaks within the grouped DMR.
The plot is indicative of the normalized reads surrounding the locus, whereas the graph shows the relative enrichment as determined
by MBD-qPCR.
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propensity for experience-induced changes in methyla-
tion. Moreover, to identify differential methylation, WGBS
requires 15- to 30-fold more coverage of the genome than
MBD-Seq (Stevens et al. 2013) and is consequently unsuited
for behavioural paradigms that require a large number of
animals, and for which individual animal resolution may be
required.
Alternatively, MeDIP-Seq can be used to assay non-CpG
methylation, and protocols optimized for low amounts of
DNA and numerous samples have been developed (Taiwo
et al. 2012). However, within the CpG dinucleotide context,
methylated DNA immunopreciptation (MeDIP) suffers from
reduced sensitivity and specificity compared to MBD, gen-
erating a high degree of background ‘noise’ (De Meyer et al.
2013) that may impede the detection of DMRs. Nevertheless,
although MeDIP-Seq suffers from additional technical limita-
tions, such as the use of single-stranded DNA, it is a viable
alternative for thosewishing to explore non-CpGmethylation.
As a final limitation, we find that, although MBD 2B/3L is
highly efficient at enriching for fragments with seven or more
methylated CpGs (De Meyer et al. 2013), CpG-rich regions
receive greater coverage, which facilitates the discovery of
DMRs in these areas.
Conclusion
MBD Ultra-Seq is a novel approach for identifying DNA
methylation in neurons and non-neuronal populations derived
from discrete brain regions of individuals, using as little as
50 ng of DNA. We find that the neuronal methylome is
unique and that CpG-rich regions are hypomethylated.
Differences in DNA methylation between neurons and
non-neurons are predominantly localized to intergenic
regions, which emphasizes the importance of using
genome-wide methods to examine this region of the
genome. However, when the size of the genomic region
is accounted for, the greatest proportionate difference in
methylation between neurons and non-neurons is in the
3′UTR, which may be related to the lengthening of 3′UTRs
in the neuronal transcriptome of the mammalian brain.
We find that DMRs with >5× coverage validate reliably,
demonstrating the utility of this method. Overall, MBD
Ultra-Seq provides a tool that can be used to examine
and detect neuronal DNA methylation with individual ani-
mal resolution in a large number of biological replicates,
which should greatly facilitate the detection of differen-
tial methylation related to learning and neuropsychiatric
disorders.
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Appendix S1: The ‘summits’ of regions of 5mC enrich-
ment in individuals (S1–S4, Fig. 6) are often separated by a
small distance. Regions of 5mC enrichment identified in indi-
viduals that were within 600 bp of each other were grouped
together to explore the overall degree of methylation of
the vmPFC, neurons and non-neurons and the sequencing
results are available here.
Appendix S2: Regions of differential DNA methylation
between neurons and non-neurons (individual). To avoid fail-
ing to detect any cell-type-specific differences in DNAmethy-
lation, we compared methylation in all biological replicates at
each region of 5mC enrichment (i.e. S1–S4 in Fig. 6) rather
than at grouped DMRs. Significant individual regions of 5mC
enrichment are listed here.
Appendix S3: Candidate DMRs for validation by
MBD-qPCR. MBD Ultra-Seq information for candidate
differentially methylated loci for validation (16). Position of
the peak summit is the median value for the grouped peak
summit derived from all individual peaks surrounding the
loci. The number of samples with peak refers to the number
of samples initially identified as having the peak by MACS,
which remained statistically significant (P <0.05) after a
Student’s t-test. For example, a region of 5mC enrichment
may have been identified by MACS in all NeuN− samples
(n=7) for Chr 6 ∼ 15137969; however the enrichment was
only significant at one of the seven peaks identified.
Appendix S4: MBD Ultra-Seq data for candidate
cell-type-specific RME. The original data are available here.
Appendix S5: Differentially Methylated Sites Analyzer
(DMSA) analysis pipeline.
Appendix S6: Primers used for validation of candidate
DMRs by MBD-qPCR. List of primers used for the validation
of candidate DMRs by MBD-qPCR.
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Chapter(Four:!
Neocortical*Tet3"mediated'hydroxymethylation'promotes'rapid'
behavioral!adaptation!
4.1 Preface 
By using my newly developed sequencing protocol (Chapter 3), we detected the 
accumulation of 5hmC following fear extinction. We identified 233 genes associated with 
regions of the genome that displayed 5hmC accumulation following extinction training.  
Gene ontology analysis revealed that 16% of these genes are involved in the regulation of 
synaptic activity. Moreover, we observed a genome-wide redistribution of 5hmC in the 
ILPFC as a result of fear extinction learning. In order to facilitate a comparison between the 
genome wide sequence data and sequencing validation, a quantitative analysis of read 
counts, where each bar graph represents the normalized read counts per each group for 
selected genomic targets has been added as Appendix A. Furthermore, we demonstrated 
that Tet3, an enzyme that mediates the conversion of 5mC to 5hmC, is essential for the 
formation of fear extinction memory.  
 
 
4.2 Results Presented as Publication 
These results were published in the peer-reviewed journal Proceeding of the National 
Academy of Sciences of the United States of America in 2014 (Li et al., 2014a), and noted 
as a “recommended read” by Faculty of 1000.  
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5-hydroxymethylcytosine (5-hmC) is a novel DNA modification
that is highly enriched in the adult brain and dynamically
regulated by neural activity. 5-hmC accumulates across the life-
span; however, the functional relevance of this change in 5-hmC
and whether it is necessary for behavioral adaptation have not
been fully elucidated. Moreover, although the ten-eleven trans-
location (Tet) family of enzymes is known to be essential for
converting methylated DNA to 5-hmC, the role of individual Tet
proteins in the adult cortex remains unclear. Using 5-hmC capture
together with high-throughput DNA sequencing on individual
mice, we show that fear extinction, an important form of reversal
learning, leads to a dramatic genome-wide redistribution of 5-hmC
within the infralimbic prefrontal cortex. Moreover, extinction
learning-induced Tet3-mediated accumulation of 5-hmC is associ-
ated with the establishment of epigenetic states that promote
gene expression and rapid behavioral adaptation.
Epigenetic mechanisms are critically involved in the regulationof gene expression underlying learning and memory (1).
Dynamic variation in the accumulation of a particular epigenetic
mark, 5-methycytosine (5-mC), has emerged as a key factor in
experience-dependent plasticity and the formation of fear-
related memory (2). However, 5-mC is not the only covalent
modification of DNA in eukaryotes, as methylated cytosine
guanine (CpG) dinucleotides can be successively oxidized and
converted to 5-hydroxymethylcytosine (5-hmC), 5-formylcytosine
(5-fC), and 5-carboxylcytosine by the Tet family of DNA dioxy-
genases (3, 4). Although little is known about the functional
relevance of 5-fC and 5-carboxylcytosine (5, 6), an understanding
of 5-hmC is starting to emerge. 5-hmC is highly enriched in the
adult brain (7), dynamically regulated by neural activity (8), and
accumulates across the lifespan (9). This epigenetic mark is
critically involved in neuronal differentiation and in the
reprogramming of pluripotent stem cells (10), and rather than
being an intermediate state of active DNA demethylation, 5-
hmC can be either dynamic or stable (8, 10). Unlike its repressive
cousin, 5-mC, which is primarily found along CpG-rich gene
promoters, 5-hmC is enriched within gene bodies and at intron–
exon boundaries of synaptic plasticity-related genes, as well as
within distal cis-regulatory elements, which together point to an
important role for 5-hmC in coordinating transcriptional activity
(11–13). Thus, it is evident that the relationship between this
particular covalent modification of DNA and gene expression is
far more complex than currently realized.
The inhibition of learned fear is an evolutionarily conserved
behavioral adaptation that is essential for survival. This learning
process, known as extinction, involves rapid reversal of pre-
viously learned contingencies, which depend on gene expression
and protein synthesis. Impairments in the neural mechanisms
that promote this beneficial response to threat can lead to the
development of posttraumatic stress disorder and phobia (14).
Fear extinction has long been recognized as an invaluable tool
for investigating the neural mechanisms of fear-related learning
and memory (15). Using this experimental paradigm, the im-
portant contribution of the medial prefrontal cortex toward fear
extinction has been demonstrated (16, 17). For example, lesions
or infusions of protein synthesis inhibitors into the infralimbic
prefrontal cortex (ILPFC) dramatically impair fear extinction
learning (18, 19).
We, and others, have recently identified epigenetic regulatory
mechanisms in the ILPFC, including histone modifications and
small noncoding RNAs that are selectively involved in the ex-
tinction of conditioned fear (20–26). Recent evidence indicates
that Tet1 promotes active DNA demethylation in the adult
hippocampus (8) and that the accumulation of 5-hmC and as-
sociated effects on gene expression are involved in adult neu-
rogenesis, spatial learning, and the extinction of contextual fear
(27–29). In contrast, Tet3 is highly expressed in the adult cortex
(30), although its function with respect to fear extinction memory
has yet to be determined. We therefore set out to explore the
role of Tet3-mediated hydroxylation within the ILPFC and to
elucidate whether it is involved in the rapid behavioral adapta-
tion supporting the extinction of conditioned fear.
Results
Tet3, but Not Tet1, Is Activity-Dependent in Primary Cortical Neurons
and Necessary for Rapid Behavioral Adaptation. To elucidate the
underlying mechanism by which experience-dependent hydrox-
ylation of 5-mC occurs in the prefrontal cortex, we first examined
the activity-dependent expression of Tet1 and Tet3 in primary
cortical neurons in vitro and within the ILPFC after fear ex-
tinction learning in vivo. In primary cortical neurons, in contrast
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to previous reports using hippocampal neurons (8, 27), Tet1 did
not respond in an activity-dependent manner, whereas Tet3
exhibited a time-dependent increase in mRNA expression (Fig. 1
A and B). Moreover, although there was no effect on Tet1, ex-
tinction training led to a significant increase in Tet3 mRNA
levels within cortical neurons (Fig. 1 C–E). These findings in-
dicate that Tet3 is selectively activated within the adult neo-
cortex in an experience-dependent manner. We next generated
Tet1 or Tet3 knockdown lentiviral plasmids, using previously
published protocols (25), and functionally validated them in N2A
neuroblastoma cells (SI Appendix, Fig. S1 A and B). Importantly,
our Tet3 shRNA reduces global 5-hmC in vitro (SI Appendix,
Fig. S1C) and is functional in vivo (SI Appendix, Fig. S1 D and
E). Knockdown of either Tet1 or Tet3 via intra-ILPFC shRNA
infusion had no significant effect on within-session performance
during the first 10 conditioned stimulus exposures during ex-
tinction training. Although there was also no significant effect of
either Tet1 or Tet3 shRNA on the ability to express fear in mice
that were fear conditioned and exposed to a novel context
without extinction training (FC-No EXT), mice trained in the
presence of Tet3 shRNA showed a significant impairment in fear
extinction memory (Fig. 1 F and G). Moreover, NMDA receptor
antagonist-mediated inhibition of fear extinction learning by sys-
temic Dizocilpine (MK-801) treatment before training blocked the
extinction-learning-induced increase in Tet3 mRNA expression
in the ILPFC (SI Appendix, Fig. S2). Together, these data dem-
onstrate a critical role for Tet3 within the ILPFC in the regulation
of this important behavioral adaptation.
Genome-Wide Patterns of 5-hmC Are Dramatically Redistributed in
Response to Extinction Learning. To gain further insight into the
putative role of 5-hmC in regulating gene expression associated
with fear extinction, we developed a protocol that capitalizes on
the addition of “DNA barcodes” to individual samples before
5-hmC capture, followed by deep sequencing. Although there are
single-base resolution approaches for profiling 5-hmC across the
genome (31, 32), we adopted a cost-effective approach that
enables the mapping of 5-hmC within the ILPFC derived from
individual mice, without the need to pool samples (SI Appendix,
Materials and Methods). This 5-hmC antibody-based method is
comparable to chemical-based labeling with respect to the en-
richment of both clustered and sparsely distributed 5-hmC marks
in genomic DNA derived from samples in vivo (8), which makes
it particularly suitable for detecting the regional distribution of
5-hmC across the genome in the adult cortex. With this approach
in hand, a genome-wide map of 5-hmC was generated from 8
biological replicates per treatment group, with an average of 60
million high-quality mapped reads per sample (SI Appendix,
Table S1).
A comparison between ILPFC samples derived from mice
trained to fear an auditory cue and extinction-trained mice revealed
dramatic experience-dependent genome-wide differences in the
accumulation of 5-hmC in response to learning (Fig. 2A). In all
significant peaks where 5-hmC accumulated after extinction train-
ing, 35–40% of nucleotides spanning a 100-bp region directly under
the summit of the peak appeared to contain either CA or CT di-
nucleotide repeats (Fig. 2B). Furthermore, very few peaks were
enriched for CG dinucelotides, suggesting that in the adult ILPFC,
5-hmC may not prefer CpG-rich regions, which are typically found
surrounding transcription start site (TSS) in proximal gene pro-
moters (Fig. 2C). Although speculative at this stage, and requiring
further validation using single base resolution approaches, these
findings bear resemblance to previous observations of 5-hmC within
proximal gene promoters during embryonic development (33).
However, our data also raise the possibility that in response
to experience, 5-hmC may accumulate in nonpromoter regions
containing repetitive elements, a finding that accords with the
emerging consensus that DNA methylation is more widely distrib-
uted across the genome than previously thought (8, 34, 35). We
favor the latter interpretation because the pattern of 5-hmC within
CA- or CT-rich regions was not equally distributed across the four
treatment groups. Moreover, there was a dramatic shift in the
presence of 5-hmC, with a significant reduction in intronic and
intergenic regions. This was accompanied by an accumulation of
5-hmC within distal gene promoters, 5′-UTR (untranslated re-
gion), 3′UTR, and coding DNA sequence (CDS) (Fig. 2D and SI
Appendix, Table S2). Using the ENCODE database as a refer-
ence, we also observed a significant overlap between 5-hmC and
DNaseI-hypersensitive regions across the genome, which expanded
from 5–27% of total peaks called after extinction training (Fig. 2E
and SI Appendix, Table S3). As DNaseI-hypersensitive regions
are typically present within noncoding regulatory regions of the
genome (36), an experience-dependent shift in 5-hmC within
these regions may reflect the activation or suppression of distal
enhancers.
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Fig. 1. Tet3-mediated hydroxylation of 5-mC is required for rapid behav-
ioral adaptation. (A) Under KCl-induced depolarization conditions, there
was an overall reduction in Tet1 mRNA (n = 3 per group; F9,29 = 3.78; P <
0.01). (B) In contrast, there was a significant increase in Tet3 mRNA expres-
sion 7 and 10 h poststimulation (n = 3 per group; F9,29 = 3.78; P < 0.01). (C)
Although there was no effect of behavioral training on Tet1 mRNA within
the ILPFC when measured 2 h after training, (D) there was a selective in-
crease in Tet3 mRNA expression (n = 4 per group; F2,11 = 10.79; P < 0.01;
Tukey’s post hoc analysis FC-No EXT vs. EXT, *P < 0.05). (E) Tet3 is highly
expressed within the ILPFC. (F) There was no significant effect of Tet1 shRNA
on within-session extinction across (Left) and no effect of Tet1 shRNA on fear
extinction memory at test 24 h after training (Right). (G) Although there was
no significant effect of Tet3 knockdown on within-session extinction (Left),
there was a significant impairment in fear extinction memory when tested
24 h after training (Right, n = 7 per group; F3,26 = 8.44; P < 0.01; Tukey’s post
hoc analysis EXT FG12hH1 vs. EXT Tet3 shRNA, *P < 0.05). Error bars repre-
sent standard error of the mean.
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A gene ontology analysis was performed on 233 genes asso-
ciated with 5-hmC peaks that were selectively induced by ex-
tinction training, revealing that 16% belong to a network
associated with synaptic signaling (SI Appendix, Table S4). As
described in SI Appendix, Table 5, 13 candidate genes were se-
lected for validation on the basis of their role in neural plasticity;
these were subsequently confirmed in a an independent bi-
ological cohort by 5-hmC capture followed by quantitative PCR
(SI Appendix, Fig. S3). Of particular interest was gephyrin, which
anchors GABA receptors to the postsynaptic membrane and is
directly involved in fear extinction (37, 38). We observed an
accumulation of 5-hmC within an intron of the gephyrin gene,
which was accompanied by a concomitant decrease in 5-mC 24 h
postextinction training (Fig. 3 A–C and SI Appendix, Fig. S4).
Importantly, these effects were selective for this locus, as 5-hmC
did not accumulate within the gene body upstream or down-
stream of this intron (SI Appendix, Fig. S5). Gephyrin mRNA
expression increased transiently 2 h after extinction training and
returned to baseline 24 h later (Fig. 3D). Furthermore, there
was also a transient increase in Tet3 occupancy surrounding the
gephyrin gene (Fig. 1 E and F). DNA methylation can be per-
sistently altered after learning (5), and it has been proposed that
discordance between DNA methylation status and gene expres-
sion might reflect a form of genomic metaplasticity that serves to
promote gene expression on subsequent stimulation (39).
Fear Extinction Leads to a Tet3-Mediated Accumulation of 5-hmC,
Which Is Associated with a Permissive Epigenetic State. Emerging
evidence suggests a role for 5-hmC outside gene promoters in
the regulation of gene expression, potentially through its effects
on alternative splicing or through an interaction with the DNA
methyl binding protein, MECP2 (11, 12). However, an understanding
of how 5-hmC influences this process within the context of learning
and memory has not been achieved. It has recently been suggested
that 5-hmC can regulate gene expression by recruiting “readers” to
regions across the genome in which this epigenetic mark accumulates
(40). On the basis of our genome-wide 5-hmC mapping data, we
reasoned that the presence of 5-hmC within intronic and intergenic
regions influences the local chromatin landscape, thereby providing
a link between this epigenetic modification and experience-
dependent regulation of gene expression. To explore this possi-
bility, we interrogated the chromatin environment surrounding
the accumulation of 5-hmC within the gephyrin gene, revealing
increased binding of specificity protein 1 (Sp1) (Fig. 4A). This
transcription factor contributes to gene regulation by protecting
active genomic loci from DNA remethylation (41). There was no
effect on the occupancy of H3K4me3 or H3K27me3 (Fig. 4 B and
C), indicating that the development of a bivalent chromatin state
(42) at this locus is not associated with the experience-dependent
accumulation of 5-hmC. However, in contrast, we observed a
transient reduction in the heterochromatin-related histone mark
H3K9me3 (Fig. 4D), which was associated with a delayed increase
in H3K27ac and a transient increase in p300 and H3K4me1 occu-
pancy (Fig. 4 E–G). These chromatin modifications are associated
with regulatory elements across the genome and promote gene
expression (43, 44). Finally, there was a significant increase in the
occupancy of symmetric dimethyl H3 arginine 2 (H3R2me2s)
within the gephyrin intronic locus (Fig. 4H), which paralleled the
persistent accumulation of 5-hmC. This novel histone mark, which
is crucial for the maintenance of a euchromatic or “primed” state,
is preferentially associated with sites of recombination and re-
cently activated genes (45, 46). Importantly, these effects were
specific to extinction training and did not occur in mice that had
been fear conditioned, followed by a single reactivation trial,
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Fig. 2. Experience-dependent redistribution of 5-hmC within the ILPFC. (A) Representative heat map of genome-wide 5-hmC enrichment after behavioral
training, derived from 8 biological replicates per treatment group. Note the cluster of candidate genes, which showed enrichment specifically after fear
extinction learning. (B) In all significant peaks in which 5-hmC accumulated after extinction training, 35–40% of nucleotides spanning a 100-bp region directly
under the summit of the peak contained either CA or CT dinucleotide repeats (n = 8 per group; CA F3, 31 = 18.02; CT F3, 31 = 14.23; CG F3, 31 = 10.38; Tukey’s
post hoc analysis for all EXT vs. context (CXT), FC, FC-No EXT, ***P < 0.001). (C) Relative to all other groups, a unique pattern of 5-hmC distribution with an
increase in CG-rich regions occurred in response to fear extinction learning. (D) There was an extinction training-induced decrease in 5-hmC peaks detected
within intronic and intergenic regions, which was accompanied by increased 5-hmC at gene promoters, 5′-UTR, 3′-UTR, and within CDS. (E) After extinction
training, there was a significant overlap between 5-hmC and DNaseI-hypersensitive regions across the genome, which expand from 5–27% of total peaks
called. CXT, context only, 24 h; FC, fear conditioned, 24 h; FC-No EXT, fear conditioned and context B exposed without extinction, 2 h; EXT, extinction, 2 h.
Error bars represent standard error of the mean.
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therefore arguing against the possibility that such epigenetic
modifications are nonspecifically induced by the retrieval or
reconsolidation of the original fear memory (SI Appendix,
Fig. S6).
Together, the data suggest that fear extinction learning leads
to a redistribution of 5-hmC within the ILPFC, which sub-
sequently promotes a transcriptionally active chromatin state,
possibly by driving the selective accumulation of 5-hmC within
noncoding DNA regulatory regions of the genome. The gener-
ality of these findings was tested by interrogating a 5-hmC peak
found within a distal promoter region of the gene encoding
Lin7a, where the pattern of chromatin modification was quite
different, suggesting that the accumulation of 5-hmC induced by
extinction training may have functionally distinct consequences
depending on the sequence context in which it occurs (SI Ap-
pendix, Figs. S7 and S8). Finally, the effect of extinction learning
on Tet3 occupancy at the gephyrin locus, as well as the dynamic
changes in the accumulation of 5-hmC and 5-mC, gephyrin
mRNA, and associated effects on the chromatin landscape were
completely blocked in the presence of Tet3 shRNA (Fig. 5 A–I).
Thus, Tet3 activity within the ILPFC is necessary for the learn-
ing-dependent accumulation of 5-hmC and related chromatin
modifications, which underpins rapid behavioral adaptation.
Discussion
This study has generated 3 novel findings: Tet3 expression is
activity-dependent in primary cortical neurons and, within the
adult prefrontal cortex, is necessary for rapid behavioral adap-
tation; the genome-wide pattern of 5-hmC in the ILPFC is
dramatically redistributed in response to fear extinction learning;
and fear extinction leads to a Tet3-mediated accumulation of
5-hmC, which is associated with a permissive epigenetic state.
The observation that Tet3, but not Tet1, expression is activity-
dependent and necessary for rapid behavioral adaptation (Fig. 1)
appears, at first glance, to be at odds with the recent discovery
that Tet1 is involved in neuronal-activity-regulated gene ex-
pression and extinction (29). However, the general interpretation
of this work is limited by the use of developmental Tet1 knockout
mice, rather than spatiotemporally restricting the ablation of Tet1
to the adult prefrontal cortex. Tet1-mediated accumulation of
5-hmC is critically involved in neuronal differentiation and in the
reprogramming of pluripotent stem cells (33), thus suggesting
a distinct role for Tet1 during early brain development. Tet3, in
contrast, is the most highly expressed isoform in the adult cortex
(30), and the highest level of 5-hmC in the adult brain is found in
cortical neurons (7), where it continues to accumulate across the
lifespan (9). Together, these data suggest a potential developmental
stage- and/or region-specific function for each Tet isoform and its
influence on the regulation of 5-hmC, which would be difficult to
disentangle from the use of mice that have had Tet1 knockout
throughout early development. Moreover, Rudenko and colleagues
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Fig. 3. Fear extinction learning increased the accumulation of 5-hmC and Tet3 surrounding the extinction-related gene, gephyrin. (A) Extinction training led
to a persistent increase in 5-hmC within an intron of the gene encoding gephyrin. Shown is the normalized depth of coverage for this peak and its nearby
region in each of the conditions. (B) A significant enrichment of 5-hmC within the intronic region of gephyrin occurred after fear extinction training [n = 3–4
per group, 2 h; F3,14 = 5.29 (P < 0.01); Tukey’s post hoc analysis FC-No EXT 2 h vs. EXT 2 h (*P < 0.05), 24 h; t6 = 2.24 (P < 0.05). (C) This effect was accompanied
by a reduction in 5-mC 24 h after extinction training (n = 4 per group, 24 h, t6 = 3.03; P < 0.05. (D) Fear extinction led to a transient increase in gephyrin mRNA
expression (n = 4–5 per group; F3,19 = 4.08; P < 0.05; Tukey’s post hoc analysis FC-No EXT vs. EXT, *P < 0.05). (E) There was a trend toward an increase in Tet1
occupancy within the intronic region of the gephyrin gene 24 h after extinction training. (F) Fear extinction learning leads to a transient increase in Tet3
occupancy (n = 3–5 per group; F3,15 = 17.58; P < 0.001; Tukey’s post hoc analysis FC-No EXT 2 h vs. EXT 2 h, **P < 0.01).
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Fig. 4. Fear extinction learning is associated with an altered chromatin
landscape. Fear extinction led to (A) a transient increase in the occupancy of
Sp1 (t7 = 2.54; P < 0.01) with no effect on bivalent chromatin marks H3K4me3
(B) or H3K27me3 (C), (D) a transient reduction in the heterochromatin mark
H3K9me3 (t7 = 3.12; P < 0.05), (E) a delayed increase in H3K27ac (n= 4–5 per
group; t7 = 2.013; P < 0.05), a transient increase in presence of the enhancer-
related elements p300 (f; t7 = 2.74; P < 0.05) and H3K4me1 (G) (t6 = 0.85; P <
0.05), and a persistent increase in accumulation of the euchromatic mark,
H3R2me2s (H) [(2 h, t6 = 2.21 (P < 0.05); 24 h, t6 = 5.46 (P < 0.001)] within the
ILPFC. Error bars represent standard error of the mean.
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(29) primarily focused on hippocampal-dependent cognitive tasks,
including the extinction of spatial memory and the extinction of
contextual fear, whereas our analysis was specifically targeted to-
ward understanding the role of Tet3 in the adult brain and in
a cognitive task that is highly dependent on the ILPFC. Notwith-
standing these differences, the evidence is clear that, within the
ILPFC, Tet3 expression is activity-dependent and plays a key role
in the formation of fear extinction memory.
A key question is whether neocortical accumulation of 5-hmC
has a role in regulating fear extinction that is distinct from its
role during early embryonic development. In contrast to 5-mC,
which in general is considered to be a repressive mark associated
with CpGs in proximal promoters, although this perception is
rapidly changing (35, 47), the pervasive distribution of 5-hmC
throughout the genome suggests it is involved in regulating
transcriptional activation. Indeed, previous work has shown that
5-hmC is enriched within highly transcribed gene bodies and at
intron–exon boundaries of synaptic plasticity-related genes, as
well as within distal cis-regulatory elements (6, 9, 11–13, 31–33,
48–50). Our observation of a dramatic redistribution of 5-hmC in
response to fear extinction training, with subsequent effects on
chromatin modifications and gene expression, lends support to
this idea and further suggests that, at least in the case of fear
extinction, the accumulation of 5-hmC is associated with a tran-
scriptionally permissive chromatin environment, although the
pattern differs depending on the genomic locus (Fig. 4 and SI
Appendix, Fig. S7). With regard to the gephyrin locus, we ob-
served a persistent increase in the presence of the euchromatic
mark H3R2me2s, which is dependent on Tet3-mediated accu-
mulation of 5-hmC (Fig. 5). In addition, the extinction training-
induced increase in 5-hmC was also present 24 h after extinction
training, whereas the expression of gephyrin mRNA returned to
baseline at the same time (Fig. 3). This suggests a potentially
time-dependent relationship between experience-dependent DNA
modifications, epigenetic states, and gene expression that occur in
response to extinction learning. We recently proposed that expe-
rience-dependent variations in DNA methylation represent a form
of metaplasticity that serves to prime the genome to respond to
later events by regulating transcriptional capacity, rather than by
mediating enduring changes in gene expression (39). Given the
recent observation that 5-fC is involved in long-lasting epigenetic
priming and preferentially occurs at regulatory elements, including
poised enhancers (6), it is conceivable that 5-hmC will be replaced
by 5-fC to promote a metaplastic or “primed” epigenetic state,
which will then be reflected by greater induction of gene ex-
pression in response to further extinction training.
Although the precise mechanism by which extinction training
leads to a Tet3-mediated redistribution of nonpromoter 5-hmC
and select chromatin modifications is not yet known, an un-
derstanding of the unique characteristics of Tet3 may shed light
on this process. Together with a catalytic C-terminal domain,
which provides hydroxylase activity, Tet1 and Tet3 also harbor
a CxxC binding motif (CXXC) zinc finger-binding domain that
promotes high-affinity binding at genomic loci containing CpGs.
However, in contrast to Tet1, the Tet3 CXXC binding domain
recognizes unmodified C followed by A, T, C, or G, with a
preference for nonpromoter CpGs (51). Moreover, Tet3 also
contains the novel-binding domain PRK12323, the function of
which has not been determined (52). Tet3 is also endowed with
a function that is independent of its enzymatic activity: Tet3 is
a direct binding partner with O-linked N-acetylglucosamine
transferase and colocalizes with this transferase on chromatin at
active promoters enriched for H3K4me3, which is critically in-
volved in transcriptional activation (53, 54). However, at least
with respect to the gephyrin locus after extinction training, we
observed no change in H3K4me3 occupancy (Fig. 4), and we
found that that Tet3 is catalytically active by virtue of its effect on
the experience-dependent accumulation of 5-hmC and its re-
lated effect on the chromatin landscape (Fig. 5). These data
therefore point to a critical role for Tet3-mediated hydroxyl-
ation of 5-mC within the ILPFC in rapid behavioral adaptation.
The relationship between different DNA base modifications,
gene expression, and the chromatin landscape may also vary
depending on the genomic locus in which the modifications
occur in response to different learning conditions. For exam-
ple, the intragenic accumulation of 5-hmC induced by ex-
tinction training may be associated with Tet3, whereas the
accumulation of 5-hmC within distal regulatory elements and
proximal promoters may be associated with the recruitment of
Tet1 after fear learning. Indeed, Tet1 accumulation in pro-
moter regions after hippocampal-dependent contextual fear
conditioning has previously been demonstrated (28). The ac-
cumulation of these DNA base modifications may have dif-
ferent effects depending on whether they occur at single bases
within key binding motifs, which would suggest a role in reg-
ulating transcription factor activity, and potentially alternative
splicing, or if they are more broadly distributed, the pattern of
accumulation may be indicative of a role in the regulation
of DNA structure or chromatin looping (39). Our findings
on the critical role of Tet3-mediated redistribution of 5-hmC
in the adult brain provide the foundation for future studies
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Fig. 5. Tet3 is required for extinction training-induced accumulation of
5-hmC and associated effects on the chromatin landscape. (A) Tet3 occupancy
at gephyrin locus was reduced in the presence of Tet3 shRNA (n = 4/group;
F3,12 = 5.27; P < 0.05; Dunnett’s post hoc test FC-No EXT FG12hH1 vs. EXT
FG12hH1, **P < 0.01). (B) Tet3 knockdown blocked the accumulation of 5-hmC
after fear extinction training (n = 4; F3,12 = 11.63; P < 0.001; Dunnett’s post hoc
test FC-No EXT FG12hH1 vs. EXT FG12hH1, ***P < 0.001). (C) There was no
effect on 5-mC after extinction training in the presence of Tet3 shRNA (n = 4;
F3,12 = 4.26; P < 0.05; Dunnett’s post hoc test FC-No EXT FG12hH1 vs. EXT
FG12hH1, *P < 0.05). (D) There was no significant increase in gephyrin mRNA
expression after extinction training in the presence of Tet3 shRNA (n = 4–6 per
group; F3,19 = 6.364; P < 0.01; Dunnett’s FC-No EXT FG12hH1 vs. EXT FG12hH1,
*P < 0.05). Knockdown Tet3 mRNA blocked the effect of extinction training on
Sp1 (E) (n = 4/group; F3,12 = 3.76; P < 0.05; Dunnett’s post hoc test FC-No EXT
FG12hH1 vs. EXT FG12hH1, *P < 0.05), H3R2me2S (F) (n = 3–4/group; F3,12 =
3.52; P < 0.05; Dunnett’s post hoc test FC-No EXT FG12hH1 vs. EXT FG12hH1,
*P < 0.05), H3K4me1 (G) (n = 4/group; F3,12 = 23.56; P < 0.0001; Dunnett’s post
hoc test FC-No EXT FG12hH1 vs. EXT FG12hH1, **P < 0.01, vs. FC-No EXT Tet3
shRNA, *P < 0.05), and p300 occupancy at the gephyrin locus (H) (n = 4/group;
F3,12 = 11.88; P < 0.001; Dunnett’s post hoc test FC-No EXT FG12hH1 vs. EXT
FG12hH1, *P < 0.05), (I) There was no significant effect of Tet3 shRNA on
H3K9me3. Error bars represent standard error of the mean.
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on this interesting mode of epigenetic regulation and highlight
the importance of examining the full repertoire of DNA base
modifications across brain regions to elucidate how epigenetic states
are established in response to different forms of learning.
Materials and Methods
Details of DNA/RNA extraction, qRT-PCR, 5-hmC and 5-mC capture, DNA
sequencing, lentiviral construct design, immunohistochemistry, chromatin
immunoprecipitation, primary cortical neuron culture, and 5-hmC dot blot
are included in the SI Appendix,Materials and Methods. Details of protocols
for subjects, cannulation surgery, and behavioral methods. A description of
bioinformatics and sequencing analyses are also described in SI Appendix,
Materials and Methods.
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Materials and Methods 
Mice: 9-11 week-old C57BL/6 male mice were housed four per cage, maintained on a 12hr light/dark 
schedule, and allowed free access to food and water. All testing was conducted during the light phase in 
red-light-illuminated testing rooms following protocols approved by the Animal Ethics Committee of the 
University of Queensland.  
 
DNA/RNA Extraction: ILPFC tissue from naïve and trained mice was prepared by dounce homogenization 
in 500µl PBS. 400µl of homogenate was used for DNA extraction, and 100µl was used for RNA extraction. 
Preparation of DNA was carried out using the DNeasy Blood & Tissue Kit (Qiagen), and RNA was 
extracted using Trizol reagent (Invitrogen). Both extraction protocols were followed according to the 
manufacturer’s instructions.  
 
qRT-PCR: Total 500ng RNA was used for cDNA synthesis using the Quantitect Reverse Transcription Kit 
(Qiagen). Quantitative PCR was performed on a RotorGeneQ (Qiagen) real-time PCR cycler with SYBR-
Green Master mix (Qiagen), using primers for target genes and for PGK as an internal control 
(supplementary table 1). The threshold cycle for each sample was chosen from the linear range and 
converted to a starting quantity by interpolation from a standard curve run on the same plate for each set of 
primers. All mRNA levels were normalized for each well relative to PGK using the ΔΔCT method, and each 
PCR reaction was run in duplicate for each sample and repeated at least twice.  
 
5-hmC and 5-mC capture: Genomic DNA was sheared (Covaris) with an average size of 300bp prior to 
capture. 5hmC/5-mC enrichment was performed using an hMeDIP kit (Active Motif) for enrichment of 5-
hmC, or a MeDIP kit (Active Motif) for 5-mC. The procedures were followed according to manufacturer’s 
instructions. 
 
High-throughput DNA sequencing on 5-hmC-enriched samples: Sequencing libraries were generated 
for each of 8 mice in each group by the Illumina TrueSeq Prep kit (Illumina) as per the manufacturer’s 
protocol without the final PCR amplification step. Briefly, 100ng of DNA was used for library preparation 
and a normalized pooling step was performed on indexed genomic DNA from each individual animal prior 
to 5-hmC capture. Following this step, final PCR amplification using the Illumina TrueSeq Prep Kit. and 
PCR-amplified DNA libraries were quantified on an Agilent 2100 Bioanalyzer. Cluster densities were 
created and each library, at a final concentration of 8pM, was used for subsequent cluster generation using 
the version 3 flow cell. The Illumina Hiseq2000 was then used for paired-end (100bp) sequencing. Image 
processing and sequence extraction were achieved using the standard Illumina Genome Analyzer software 
and pipelines developed in-house at the Queensland Brain Institute, The University of Queensland. 
CASAVA software (v1.8.2) was used to demultiplex the samples and generate raw reads for each sample 
in fastq format. 
 
Bioinformatics: Alignment of short reads to reference genome: Paired-end reads were aligned to the 
mouse reference genome (mm9) using BWA (v0.6.2). Samtools (v0.1.17) and Picard (v1.72) software 
packages were then used to convert aligned “.sam” files to “.bam” files, sort the “.bam” and remove 
duplicates. Reads with low mapping quality (<20) were excluded from the downstream analysis. 
Normalized depth of coverage for plotting peaks: Based on the outcomes from “Align short reads to 
reference” (quality filtered bam files), for each position (at single base pair resolution) of the peak and 
nearby region, we counted the number of DNA fragment that can cover this position. “DNA fragment” here 
means the one in the sequencing library, with both ends being sequenced in the paired-end sequencing 
strategy (For example, read1 is aligned to chr1:201-301, and read2 is aligned to chr1:310-410, then the 
DNA fragment of this read-pair would be chr1:201-410).  The number of DNA fragments in each sample 
was normalized to 10 million total DNA fragments (equal to 20 million total reads) and normalized to the 
corresponding “input” sample. The mean normalized values of 8 biological replicates from each condition 
were used to plot the depth of coverage.  A custom PERL script that integrates Samtools and R codes was 
applied to do this work mentioned above. Peak calling: MACS (v1.4.2) was used to call peaks for each 
sample using a parameter setting “-f BAM --keep-dup=all -g mm --nomodel --shiftsize 100” and applying 
two criteria for P-value cutoff: “1e-2” and “1e-5”. Peaks identified in all samples with P-value cutoff “1e-2” 
were then integrated based on pairwise comparison using custom PERL scripts with the following criteria: if 
the distance between two peak summits is equal or less than 300 bp, then these two peaks were 
considered as a common peak and grouped together. For each peak group, we counted the number of 
biological replicates in each condition, and this number represents the intensity of each peak in each 
condition illustrated in Figure 1a. In total, we have four conditions: namely CXT, FC, FC-No EXT and EXT, 
with 8 biological replicates in each condition, so in theory the maximal number of samples in all 4 conditions 
to support a peak will be 4×8=32. In Figure 1a, we only plotted peaks with the supported number larger 
than 4 in all conditions to eliminate most of the noises, and ensure that we wouldn’t miss any potential 
interesting peaks that only exist in one condition (e.g. 0 in CXT, FC and FC-No EXT conditions, while 5 in 
EXT condition). Functional annotation clustering: Peaks supported by at least 5 of 8 biological replicates in 
extinction training group but not in other groups were considered as 5-hmC peaks induced by extinction 
training. In total, 143 5-hmC peaks were parsed. Genes located within 50 kb distance from these peaks 
were considered, and there are 233 genes included. These genes were then applied for functional 
annotation clustering using DAVID 6.7 web-based functional annotation tool suites. Analysis of dinucleotide 
combinations in peak regions: Both core regions and summit regions of peaks identified in each biological 
replicate were picked up to calculate the proportions of “CA”, “CC”, “CG” and “CT” dinucleotide 
combinations using custom PERL scripts. Here, the core region is defined as 100bp extension from each 
peak summit in both 5’ and 3’ directions.  The summit region is defined as the interval that was covered by 
the highest number of fragments in a peak region. Analysis of peak locations: All peaks identified in eight 
biological replicates were included to analyze their genomic locations according to the gene coordinates 
defined in the GTF file for Mus musculus (mm9) from Illumina iGenomes database 
(http://cufflinks.cbcb.umd.edu/igenomes.html). Six categories including promoter, 5' UTR, 3' UTR, CDS, 
intron and intergenic regions were considered.  Promoter region was defined as 2000 bp upstream from the 
first exon of each transcript. If peaks locate in several different categories, we put in the order of priority:  
Promoter, 5'-UTR, 3'-UTR, CDS,  Intron and Intergenic regions. 
 
Tet3/Tet1 knockdown lentiviral constructs: Lentiviral plasmids were generated by inserting either Tet1 
or Tet3 shRNA using the following sequences: shRNA-Tet1: GCAGATGGCCGTGACACAAAT; shRNA-
Tet3: GCCTGTTAGGCAGATTGTTCT (the Tet3 shRNA sequence was provided by Dr. Yi Zhang, Harvard) 
immediately downstream of the human H1 promoter in a modified FG12 vector (FG12H1, derived from the 
FG12 vector originally provided by David Baltimore, CalTech). Lentivirus was prepared and maintained 
according to previously published protocols20. 
 
Lentiviral surgery:  Double cannulae (PlasticsOne) were implanted in the anterior posterior plane, along 
the midline, into the infralimbic prefrontal cortex (ILPFC), a minimum of 3 days prior to viral infusion. The 
injection locations were centered at +1.78 mm in the anterior-posterior plane (AP), and -2.5 mm in the 
dorsal-ventral plane (DV). A total volume of 4.0µl of lentivirus was introduced via 2 injections delivered 
within 48 hours. For both knockdown experiments, mice were first fear conditioned, followed by 2 lentiviral 
infusions 24 hours post-fear conditioning, and, after a one-week of incubation, the mice were extinction 
trained.  
 
Behavioral Tests: Two contexts (A and B) were used for all behavioral fear testing. Both conditioning 
chambers (Coulbourn Instruments) had two transparent walls and two stainless steel walls with a steel grid 
floors (3.2 mm in diameter, 8 mm centers); however, the grid floors in context B were covered by flat white 
plastic transparent surface to minimize context generalization. Individual digital cameras were mounted in 
the ceiling of each chamber and connected via a quad processor for automated scoring of freezing 
measurement program (FreezeFrame). Fear conditioning was performed in context A with spray of lemon-
alcohol (5% lemon and 10% alcohol). Then, actual fear condition protocol was starting with 120 sec pre-
fear conditioning incubation; then, followed by three pairing of a 120 sec, 80dB, white noise conditioned 
stimulus (CS) co-terminating with a 1 sec (2 min intervals), 0.7 mA foot shock (US). Mice were matched 
into equivalent treatment groups based on freezing during the third training CS. For extinction, mice were 
exposed in context B with a stimulus light on and spray of vinegar.  Mice allowed to be acclimated for 2 
min, and then, extinction training comprised 30 non-reinforced 120 sec CS presentations (5-sec intervals).  
For the behavior control experiments, context exposure was performed for both fear condition and fear 
extinction training. Animal, inside 3CS-US or 30CS treatment, only exposed into either context A or B with 
equal times of mice spend there by fear condition or extinguished mice but were not exposed to any 3CS-
US or 30 CS. For the retention test, all mice were returned to context B and following a 2 min acclimation 
(used to minimize context generalization), freezing was assessed during two 120sec CS presentations (120 
sec intertribal interval). Memory was calculated as the percentage of time spent freezing during the tests.  
 
Behavioral Training (for tissue collection): Naïve animals remained in their home cage until sacrifice. 
For the other groups, fear conditioning consisted of three pairing (120sec iner-trial interval ITI) of a 120sec, 
80dB, white noise conditioned stimulus (CS) Co-terminating with a 2s, 0.7mA foot shock in context A. Mice 
were matched into equivalent treatment groups based on freezing during the third training CS. Context A 
exposure group spent an equivalent amount of time in context A without any CS and US. Tissue for Fear 
conditioned mice and context A exposure group was collected 26hr after the context A training session. 
One day later, the fear-conditioned mice were brought to context B, where the extinction group (EXT) was 
presented with 30CS presentations (5s ITI). The fear-conditioned without extinction (FC No-EXT) group 
spent an equivalent amount of time in context B without any CS presentations. Tissue was collected from 
both of these groups 2hr and 24hr after the end of their context B session.  
 
Immunohistochemistry: Mice were euthanized with 100mg/Kg ketamine, after which 50ml of 1:100000 
sodium nitrite, in PBS, was pumped through the circulatory system serving as a vasodilator. To fix the 
tissue, 4% paraformaldehyde in PBS was used. Following extraction, the brains were stored in 0.05% 
sodium azide. The brains were placed in 30% sucrose for a minimum 24hr prior to cryostat slicing. 
Sectioning at 14um was performed using Zeiss Microm HM560 crystat, and sections were mounted on 
Menzel-Glaser Superfrost Plus microscope slides. Briefly, the sections were incubated 1-2hr in blocking 
buffer, after which primary antibodies (Tet3, GFP or NeuN) were added and the slides incubated at 4°C 
overnight. The slides were then washed 3 times with PBS containing 0.02% Tween 20 (PBS-T), after which 
secondary antibodies were added (Dylight 488-conjugated AffiniPure sheep anti-mouse IgG or Dylight 549-
conjugated AffiniPure goat anti-rabbit IgG, Jackson ImmunoReasearch Laboratories). The slides were then 
incubated at room temperature for 2hr, washed 3 times with PBS or PBST, and cover-slipped.   
 
Chromatin immunoprecipitation: Chromatin immunoprecipitation (ChIP) was performed following 
modification of the Invitrogen ChIP kit protocol. Tissue was fixed in 1% formaldehyde and cross-linked cell 
lysates were sheared by Covaris in 1% SDS lysis buffer to generate chromatin fragments with an average 
length of 300bp. The chromatin was then immunoprecipitated using the specific antibody to each targets 
(list of antibodies in supplementary Table 2) or equivalent amount of control normal rabbit IgG (Santa Cruz) 
overnight at 4°C. Protein-DNA-antibody complexes were precipitated with protein G-magnetic beads for 1hr 
at 4°C, followed by three washes in low salt buffer, and three washes in high salt buffer. The precipitated 
protein-DNA complexes were eluted from the antibody with 1% SDS and 0.1M NaHCO3, then incubated 
overnight at 65C in 200mM NaCl to reverse formaldehyde cross-link. Following proteinase K digestion, 
phenol-chloroform extraction, and ethanol precipitation, samples were subjected to qPCR using primers 
specific for 200bp segments corresponding to the target regions.  
 
Primary cortical neuron and N2a cell culture: Cortical tissue was isolated from E18 mouse embryos in a 
sterile atmosphere. To dissociate the tissue it was finely chopped followed by digestion in 0.125% Trypsin 
(GIBCO 25200) for 12 mins. To prevent clumping of cells due to DNA from dead cells, tissue was treated 
with 2 unit/µl of DNase I. Cells finally went through the 40µm cell strainer (BD Falcon 352340) and were 
plated onto 6 well plate coated with Poly-L- Ornithine (Sigma P2533) and Fibronectin (GIBCO 33016-015) 
at a density of 1x106 cells per well. The medium used was Neurobasal medium (GIBCO 21103) containing 
5% serum, B27 supplement (GIBCO 17504-044) and 0.5-1% Pen/Strep (GIBCO 15140). N2a cell was 
maintained in medium contains half DMEM, high glucose (GIBCO 11965-092), half OptiMEM 1 (Gibco 
26140-079) with 5% serum and 1% Pen/Strep. KCl treatment: final concentration of 25mM of KCl was used 
for KCl stimulation on primary cortical neurons.  
 
5-hmC Dot blot: Primary cortical neurons were cultured for 2weeks prior to lentiviral treatment. 5µl of 
wither Fg12hH1 or Tet3 shRNA lentivirus added into cell culture. After a 7-day incubation, KCl treatment 
was applied to the infected neurons. 7hr after, genomic DNA was collected from cell culture. Then, genomic 
DNA were denatured with 0.1"N NaOH and spotted on nitrocellulose blotting membranes (PALL Life 
Sciences). The membrane was baked at 80"°C and then blocked in 5% skimmed milk in TBS containing 
0.1% Tween 20 (TBST) for 1"h at room temperature. The membranes were then incubated with 1:10000 
dilution of 5h-mC (Active Motif) overnight at 4"°C. After three washes with TBST, membranes were 
incubated with 1:2000 dilution of HRP-conjugated anti-rabbit. The membranes were then washed with 
TBST followed by TBS, and then treated with ECL. 
 
Quantification of 5-hmC: Genomic DNA was extracted from lentiviral infected primary cortical neurons 
after KCl treatment. The global level of 5-hmC was assessed using a MethylFlash Hydroxymethylated DNA 
Quantification Kit (Epigentek). The procedure was followed according to the manufacturer’s instructions. 
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Supplenmental Figure 1. Tet1 and Tet3 validation. a) Representative image of viral expression in N2A 
cells (6 days in vitro) after transfection with Tet1 and Tet3 shRNA. b) We achieved 70% knockdown of 
Tet1 mRNA after transfection of N2A cells, and 80% knockdown of Tet3 mRNA after transfection of N2A 
cells with either Tet1 or Tet3 shRNA, respectively (n=3 per group, F2,8 = 53.52, P<.0001, Tukey’s 
posthoc test FG12hH1 vs Tet1 shRNA, ***p<0.0001; FG12hH1 vs Tet3 shRNA ***p<0.0001). c) There 
was a 20% reduction in global  5-hmC in primary cortical neurons after Tet3 shRNA transfection. (n=3, 
t4=2.155 p<.05). d) Representative image of global decrease in 5-hmC, in primary cortical neurons, by 
Tet3 knockdown. e) Representative image of Tet1 and Tet3 shRNA viral expression, in vivo, after 7 
days transfection. f) We acheived 40% knockdown of Tet1 mRNA and 50% knockdown of Tet3 mRNA 
after either Tet1 or Tet3 shRNA lentiviral transfection in vivo (n=3, per group, F2,8 = 28.80, P<.0008, 
Tukey’s post-hoc test FG12hH1 vs Tet1 shRNA, **p<0.005; FG12hH1 vs Tet3 shRNA ***p<0.0001). 
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Supplemental Figure 2. In the presence of the NMDA antagonist MK-801, which impairs the acquisition of 
fear extinction memory, extinction training does not lead to increased Tet3 mRNA expression (n=4 per 
group, F3, 15=7.243, p<.005; Dunnett’s posthoc test FC-No EXT Saline vs. all other groups, Error bars 
represent S.E.M. **P<.01) 
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!Sample ID Total reads Properly aligned reads  Reads with high mapping-quality 
 
(n) (n) (%) (n) (%) 
Biological replicates and input for CXT samples: 
S1_M1 82813682 76849866 92.80% 66661234 80.50% 
S1_M2 112054006 104318108 93.10% 90976550 81.19% 
S1_M3 59739794 56023256 93.78% 49547718 82.94% 
S1_M4 54605460 51178904 93.72% 45163600 82.71% 
S1_M5 48934858 45994296 93.99% 40684262 83.14% 
S1_M6 63559930 59940010 94.30% 53261106 83.80% 
S1_M7 66977022 60779026 90.75% 53414666 79.75% 
S1_M8 114348778 104280004 91.19% 92573542 80.96% 
S1_input 52949598 49040590 92.62% 43874848 82.86% 
Biological replicates and input for FC samples: 
S2_M1 122457440 114445032 93.46% 99948412 81.62% 
S2_M2 45702306 43048230 94.19% 38428530 84.08% 
S2_M3 64711214 61466604 94.99% 55153470 85.23% 
S2_M4 63585774 60068268 94.47% 53036188 83.41% 
S2_M5 83060502 78451488 94.45% 69840072 84.08% 
S2_M6 30503326 28245458 92.60% 24977124 81.88% 
S2_M7 103345940 93884592 90.84% 83713524 81.00% 
S2_M8 54905478 50835630 92.59% 45207068 82.34% 
S2_input 57599848 54385364 94.42% 48429596 84.08% 
Biological replicates and input for FC-No EXT samples: 
S3_M1 100762130 93229072 92.52% 80232808 79.63% 
S3_M2 97076064 91527160 94.28% 81443088 83.90% 
S3_M3 42275882 39912288 94.41% 35273374 83.44% 
S3_M4 41424246 39248234 94.75% 34851572 84.13% 
S3_M5 58448422 55488390 94.94% 49565766 84.80% 
S3_M6 59368876 55705588 93.83% 49861462 83.99% 
S3_M7 66571246 61070398 91.74% 53965576 81.06% 
S3_M8 76244754 70190044 92.06% 61900114 81.19% 
S3_input 67750382 63051834 93.06% 56247886 83.02% 
Biological replicates and input for EXT samples: 
S4_M1 62836406 58995126 93.89% 51822052 82.47% 
S4_M2 74263672 69772052 93.95% 61443168 82.74% 
S4_M3 83581306 79208682 94.77% 70545828 84.40% 
S4_M4 76287798 71795594 94.11% 63422870 83.14% 
S4_M5 61068024 57100826 93.50% 51253448 83.93% 
S4_M6 73549352 68575804 93.24% 60444720 82.18% 
S4_M7 86609390 81127560 93.67% 72318390 83.50% 
S4_M8 82921966 77294708 93.21% 69141852 83.38% 
S4_input 45113746 41243620 91.42% 36548098 81.01% 
 
Supplementary Table 1. The sequencing statistics for 8 biological replicates and input DNA in each condition. Shown are 
the number of raw sequencing reads and the number of successfully aligned reads, with the read length of 101bp.  
“Properly aligned reads” represents the paired-end reads are mapped to the reference genome in a proper pair, and 
“reads with high mapping-quality” denotes paired-end reads are mapped in a proper pair with at least Q20 of the mapping 
quality.
!Categories* ********Peaks*before*normalisation* *****Peaks*after*normalisation*
*
(n)* (%)* (n)* (%)*
Peaks identified in CXT samples: 
Promoter* 1928* 0.91%* 4140* 16.05%*
5'*UTR* 114* 0.05%* 2021* 7.84%*
3'*UTR* 627* 0.30%* 2834* 10.99%*
CDS* 377* 0.18%* 1157* 4.49%*
Intron* 57812* 27.23%* 6513* 25.26%*
Intergenic* 151453* 71.34%* 9121* 35.37%*
Peaks identified in FC samples: 
Promoter* 1173* 0.86%* 2518* 14.74%*
5'*UTR* 81* 0.06%* 1436* 8.41%*
3'*UTR* 478* 0.35%* 2161* 12.65%*
CDS* 301* 0.22%* 923* 5.41%*
Intron* 37951* 27.95%* 4275* 25.03%*
Intergenic* 95798* 70.55%* 5769* 33.77%*
Peaks identified in FC-No EXT samples: 
Promoter* 2214* 0.77%* 4754* 13.61%*
5'*UTR* 175* 0.06%* 3103* 8.89%*
3'*UTR* 978* 0.34%* 4421* 12.66%*
CDS* 463* 0.16%* 1421* 4.07%*
Intron* 77253* 26.74%* 8703* 24.92%*
Intergenic* 207861* 71.94%* 12518* 35.85%*
Peaks identified in EXT samples: 
Promoter* 1493* 6.53%* 3206* 23.64%*
5'*UTR* 172* 0.75%* 3049* 22.49%*
3'*UTR* 452* 1.98%* 2043* 15.07%*
CDS* 1159* 5.07%* 3557* 26.24%*
Intron* 9989* 43.72%* 1125* 8.30%*
Intergenic* 9584* 41.94%* 577* 4.26%*
 
Supplementary Table 2. Shown is the absolute amount as well as the proportion of peaks in each genomic category for 
each condition. To observe the unbiased distribution of peaks in each genomic category, we normalised the total length of 
each genomic category to the length of 100 Mbp and the number of peaks was proportionally scaled in each category. 
Since the genomic categories is mainly based on the known gene models, only peaks within chromosome 1 ~ 19, X and Y 
were considered for this analysis.
!!
* Total*peaks*
Peaks*overlap*with*DNase1*
hypersensitive*regions*
*
(n)* (n)* (%)*
CXT* 215170* 11810* 5.49%*
FC* 137116* 6898* 5.03%*
FCPNo*EXT* 292064* 13885* 4.75%*
EXT* 23084* 6278* 27.20%*
 
Supplementary Table 3. Shown are total numbers of peaks overlapping with DNase1 hypersensitive regions in each 
condition.  
 
!
CXT     
 
FC     
  Number % 
 
  Number % 
Total peaks 215170   
 
Total peaks 137116   
Peaks overlap with Dnase1 11810 5.49% 
 
Peaks overlap with Dnase1 6898 5.03% 
Individual Samples 
 
Individual Samples 
s1M1 4485 5.00% 
 
s2M1 1888 4.00% 
s1M2 3685 5.00% 
 
s2M2 811 9.00% 
s1M3 189 10.00% 
 
s2M3 151 8.00% 
s1M4 702 12.00% 
 
s2M4 208 7.00% 
s1M5 780 12.00% 
 
s2M5 47 7.00% 
s1M6 193 11.00% 
 
s2M6 2161 6.00% 
s1M7 1462 4.00% 
 
s2M7 35 5.00% 
s1M8 314 4.00% 
 
s2M8 1597 4.00% 
      
 
      
FC-No EXT     
 
EXT     
  Number % 
 
  Number % 
Total peaks 292064   
 
Total peaks 23084   
Peaks overlap with Dnase1 13885 4.75% 
 
Peaks overlap with Dnase1 6278 27.20% 
Individual Samples 
 
Individual Samples 
s3M1 4616 5.00% 
 
s4M1 184 12.00% 
s3M2 2761 5.00% 
 
s4M2 259 7.00% 
s3M3 873 8.00% 
 
s4M3 78 15.00% 
s3M4 898 9.00% 
 
s4M4 130 15.00% 
s3M5 413 9.00% 
 
s4M5 4894 40.00% 
s3M6 341 7.00% 
 
s4M6 409 20.00% 
s3M7 2481 4.00% 
 
s4M7 137 18.00% 
s3M8 1502 3.00% 
 
s4M8 187 18.00% !
 
 
Supplemental Table 4. Absolute number of peaks, as well as the proportion of peaks overlapping with 
DNase1-hypersensitive regions, in each individual sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
! 
Supplemental Table 5. Candidate gene list selected based on proximity to 5-hmC peaks occurring after 
extinction training. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chromosome Coordinates Accession Gene Locus Function 
Chr 10 106874444 - 106875435 NM_001033223 Lin7a Distal promoter 
Ensures the proper localization of GRIN2B 
(subunit 2B of the NMDA receptor) to 
neuronal postsynaptic density and may 
function in localizing synaptic vesicles at 
synapses where it is recruited by beta-
catenin and cadherin 
Chr 12 79451546 - 79452206 NM_172952 Gphn Intronic region 
Anchors inhibitory neurotransmitter 
receptors to the postsynaptic cytoskeleton 
via high affinity binding to receptor subunit 
domain and tubulin dimers  
Chr 4 46790275 - 46791304 NM_001081141 Gabbr2 Intronic region 
Inhibits neuronal activity through G protein-
coupled second-messenger systems, which 
regulate the release of neurotransmitters, 
and the activity of ion channels and adenylyl 
cyclase 
Chr 4 33232743 - 33234064 NM_008075 Gabrr1 Intronic region Variation in Gabrr1 is associated with bipolar disorder and schizophrenia 
Chr 3 107280962 -107282861 NM_172271 Slc6a17 Intronic region Acts as a transporter for neurotransmitters 
Chr 8 14306397 - 14307611 NM_172910 Dlgap2 Intronic region 
Plays a role in the molecular organization of 
synapses and in neuronal cell signalling. 
Also, this gene is biallelically expressed in 
the brain 
Chr 1 157019773 - 157021196 NM_021433 Stx6 Intronic region Involved in intracellular vesicle trafficking 
Chr 2 5297035 - 5298239 NM_177343 Camk1d Intronic region Regulates basal dendritic growth of neurons 
Chr 16 94919771 - 94921197 NM_001113389 Dyrk1a Intragenic region A strong candidate gene for learning defects associated with Down syndrome 
Chr 11 101600970 - 101602074 NM_144831 Dhx8 Intronic region 
This protein facilitates nuclear export of 
spliced mRNA by releasing the RNA from 
the spliceosome 
Chr 17 90991625 - 90993660 NM_177284 Nrxn1 Intronic region 
Neurexin1 is a neuronal membrane bound 
protein that is involved in cell recognition and 
cell adhesion. Also, it may play a role in the 
formation and maintenance of synaptic 
junctions 
Chr 11 108872621-108873849 NM_015732 Axin2 Intragenic region 
Plays an important role in the regulation of 
beta-catenin stability within the Wnt signaling 
pathway 
Chr 5 13395512- 13396352 NM_001243072 Sema3a Proximal promoter Stimulates the growth of apical dendrites  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental Figure 3. Validation of twelve candidate genes associated with 5-hmC enrichment by 
hMeDIP-qPCR. For each panel, top: plots for normalized base counts from sequencing data; bottom: 
hMeDIP-qPCR result. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplenmental Figure 4.  Plots for normalized base counts of gephyrin genomic region from each 
individual sample.                     
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Supplemental Figure 5. There is no accumulation of 5-hmC within regions upstream or downstream of the 
gephyrin intronic locus.   
  
 
 
 
 
 
Supplemental Figure 6. A 30 CS fear extinction training protocol induces epigenetic modifications 
that are distinct from a single CS evoked retrieval- or reconsolidation-induced epigenetic state. 
Relative to naïve or 1 CS exposure, extinction-trained mice exhibit a significant increase in a) Tet3 
occupancy at the gephrin locus (n=6/group F2,15=10.54, p<.01, Tukey’s post-hoc analysis naïve and 
retrieval vs EXT, **p<.01), b) the accumulation of 5-hmC at the gephyrin locus (n=6/group F2,15=48.74, 
p<.0001, Tukey’s post-hoc analysis naïve and retrieval vs EXT, ****p<.0001), and c) H3R2me2S 
occupancy at the gephryin locus (n=5-6/group F2,13=8.82, p<.01, Tukey’s post-hoc analysis naïve and 
retrieval vs EXT, **p<.01). 
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Supplemental Figure 7. Fear extinction learning-mediated accumulation of 5-hmC within the distal  
promoter region of Lin7a is associated with altered chromatin environment. a) Shown is the 
normalized plot of coverage for the 5-hmC peak in the distal promoter region of Lin7a. b) Significant 
enrichment of 5-hmC within the distal promoter region of Lin7a occurs after fear extinction training (n = 3-4 
per group, 2 hrs F3,14 = 5.04, p<.01; Tukey’s post-hoc analysis FC-No EXT 2hr vs EXT 2 hr, *p<.02). c) No 
significant change in methylation accumulation around the distal promoter region of Lin7a after training. 
Fear extinction led to a transient increase in gephyrin mRNA expression (d; n = 5-6 per group, F3,19 = 4.67, 
p<.05; Tukey’s post-hoc analysis FC-No EXT 2hr vs EXT 2hr, *p<.05), a persistent increase in the 
occupancy of Sp1 (e; n = 4-5 per group, F3,16 = 5.88, p<.05; Tukey’s post-hoc analysis FC-No EXT 2hr vs 
EXT 2hr, *p<.05; FC-No EXT 24hr vs EXT 24hr, *p<.05), no effect on H3K4me3(f), a transient increase of 
H3K27me3 24hr post-extinction training (g; t6 = 3.269 p<.05), no effect on heterochromatin mark H3K9me3 
(h), a decrease of H3K27ac occupancy after fear condition and fear extinction training (i), a persistent 
increase in presence of the enhancer-related elements p300 (j; 2 hrs, t8 = 3.019 p<.001; 24 hrs, t8 = 2.54 
p<.05), an increase of H3K4me1 24hrs post-extinction training (k; t8 = 2.454 p<.05), and an increase in 
H3R2me2s  (l; t4 = 4.643 p<.0001) within the infralimbic prefrontal cortex. (Error bars represent S.E.M.) 
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Supplemental Figure 8. Extinction learning leads to an increase in Tet3 occupancy at the Lin7a 
promoter. a) Fear extinction learning leads to a persistent increase in Tet3 occupancy in the distal 
promoter of Lin7a (2 hrs, t6 = 2.03 p<.05; 24 hrs, t8 = 2.18 p<.05). b) There is no significant change in 
Tet1 occupancy in the Lin7a distal promoter region. 
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Antibodies 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Name Host cat# Company 
H3K4Me3 rabbit 39915 active motif 
H3K27Me3 rabbit 39155 active motif 
H3K4Me1 rabbit 39297 active motif 
H3R2Me2s rabbit 39703 active motif 
H2A.Z rabbit ab4147 Abcam 
Sp1 rabbit  07-645 Millipore 
Tet1 rabbit 09-872 Millipore 
Tet3-chIP rabbit SC-139186 Santa Cruz 
Tet3-Immuno rabbit ab139311 Abcam 
NeuN mouse MAB377 Mellipore 
 Primers 
 
 
qPCR Primer 
Gphn LP CAACCACGACCATCAAATCCG 
Gphn RP CCAACAAAGAAGGATCTTGGACA 
Pgk LP TGCACGCTTCAAAAGCGCACG 
Pgk RP AAGTCCACCCTCATCACGACCC 
Tet1 LP GAGCCTGTTCCTCGATGTGG 
Tet1 RP CAAACCCACCTGAGGCTGTT 
Tet3 LP TCCGGATTGAGAAGGTCATC 
Tet3 RP CCAGGCCAGGATCAAGATAA 
Gabbr2-hmeDIP-LP TCCAGGAAGGTGACTACAGTG 
Gabbr2-hmeDIP-RP GCACCCAGTCCTGGATACAT 
Dlgap2-hmeDIP-LP TGATCGTGAGAGGCAAGATG 
Dlgap2-hmeDIP-RP AATCTCCTCTCTGCCCACTG 
Camk1d-hmeDIP-LP AGTTTGGGAGAGGGGAAAAA 
Camk1d-hmeDIP-RP AGGAGTCAGCCACCAACACT 
stx6-hmeDIP-LP AGGGATGTGAAGGACCCTCT 
stx6-hmeDIP-RP TTCCCAGCAGATGCAGAAC 
AXIN2-hmeDIP-LP CTGGATTTGGGGATCTGAAC 
AXIN2-hmeDIP-RP GAACTTTGAAGGCCGAAGTG 
Sema3a-hmeDIP-LP TTTTGGAGGAGGGAGTTTGA 
Sema3a-hmeDIP-RP GGCAGATTGGTCATTCAGTG 
Gabrr1-hmeDIP-LP CTTTCCTGCCAAGCTCATTC 
Gabrr1-hmeDIP-RP CACGTCTCTGTGAGGAGCAC 
Lin7a-hmeDIP-LP ATTCGCAATGCACACACTTT 
Lin7a-hmeDIP-RP TGGACAGGACGGTGTGAATA 
Slc6A-hmeDIP17 LP GGGGTATGGCTGGACTGATG 
Slc6A17-hmeDIP RP CCACTGTGTCTGCATCACCT 
Dhx8-hmeDIP LP1 TTTCTCTCAGGAAGCGGTGG 
Dhx8-hmeDIP RP1 GCTGTGGACACAGACAGACA 
Nrxn1-hmeDIP LP1 AACAAGTGAGGTTGGTGGCT 
Nrxn1-hmeDIP RP1 CTCAAACTGAAATTGACCCCACA 
Gphn-hmeDIP LP TAGAACACTGCCTTGTCCCC 
Gphn-hmeDIP RP TCACCATAGCAACCCGTCTT 
Dyrk1a-hmeDIP LP ATGGGAGGCACTTTGTGAGG 
Dyrk1a-hmeDIP RP CTACAGCTGATACCCAGCCAG 
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Chapter(Five:!
Conclusions)and)outlook!
5.1 Conclusions of current findings 
Taken together, the results of my thesis and other recent studies (discussed in this thesis) 
have demonstrated how epigenetic mechanisms serve an important role as a critical 
interface between the genome and behaviour. Moreover, they represent primary molecular 
mechanisms underlying stable changes in transcription, which alter experience-dependent 
neuronal function and synaptic plasticity and promote long-term memory formation. In 
recent years, our understanding of experience-dependent effects on brain function has 
been advanced by the demonstration that various epigenetic processes, including histone 
modifications, non-coding RNA activity, and DNA methylation, are all directly involved in 
cognition and memory. 
 
Recent discoveries of the DNA demethylation pathway have confirmed that DNA 
methylation is not the only DNA modification in the mammalian genome. In addition to 
5hmC, 5fC and 5CaC, more than 20 other DNA base modifications are found in higher 
eukaryotes. However, the functional relevance of these different DNA modifications 
remains unknown, and the majority of those modifications have yet to be detected in the 
adult brain.  
 
Within this thesis, I have elucidated how Tet3-mediated accumulation of 5hmC, a novel 
mechanism of neuronal gene expression, contributes to the formation and maintenance of 
fear extinction memory, a form of rapid behavioural adaptation. Moreover, by using a newly 
self-developed, genome-wide, NGS strategy, we provide the first characterization of 
learning-induced changes in 5hmC in the adult mouse brain. Overall, these findings 
significantly contribute to our understanding of the basic molecular mechanisms of fear-
related learning and memory as they relate to behavioural adaptation. These findings 
provide a deeper understanding of the mechanisms by which epigenetic regulation of gene 
function contributes to fear memory, which may ultimately be applied to the development of 
more effective intervention strategies in the treatment of anxiety disorders by potentially 
targeting the neuroepigenome to strengthen fear extinction learning and prevent relapse.  
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5.2 Future experiments 
In this discussion of the future experiments outlined below, the aim is to develop a deeper 
understanding of the causal role of Tet3 mediated-5hmC within fear extinction learning and 
memory processes. These proposed experiments are presented with two potential aims. 
First, site-specific 5hmC at the gephyrin locus would be manipulated to clearly elucidate 
the functional role of 5hmC in this particular gene during fear extinction learning and 
memory. Second, I would demonstrate the functional relationship between the 
accumulation of 5hmC and the deposition of symmetric dimethylation of the histone 3 
arginine 2 (H3R2me2S) and explore their role in epigenetic priming or gene expression 
related to metaplasticity and memory. 
 
5.2.1 The link between molecules and behaviour 
Tet3-mediated 5hmC accumulation within an intronic region of gephyrin promotes its 
expression and facilitates fear extinction. However, global knock down of Tet3 expression 
to demonstrate the relationship between locus-specific changes on 5hmC, and alteration of 
behaviour is not without its limitations since the accumulation of 5hmC at other loci is likely 
in this model. Future experiments will address the function of the selective accumulation of 
5hmC at the gephyrin locus in the regulation of fear extinction memory through the use of 
the CRISPR/CAS9 gene drive system.  
 
Gephyrin is an anchor protein for the glycine receptor and plays an important role in 
efficient membrane insertion and/or metabolic stabilization of inhibitory receptors at 
postsynaptic sites (Kneussel et al. 1999). Moreover, Chhatwal et al. (2005) showed that 
gephyrin is essential for initiating and stabilizing fear extinction memories. Thus, to 
elucidate the functional relationship between Tet3 mediated hydroxymethylation and fear 
extinction, the intronic region of gephyrin was selected as the top candidate region for 
validation.  
 
To determine the function of specific Tet3-mediated 5hmC at the gephyrin locus in fear 
extinction, it is necessary to selectively manipulate the persistence of this modification 
engaged by this behaviour. To achieve this task, currently there are two genomic 
manipulation tools, which could enable the manipulation of specific epigenetic 
modifications at discrete endogenous loci. The most direct approach is to fuse a 
transcription activator-like effector (TALE) with an epigenetic modifier. TALEs are proteins 
that were originally discovered in Xanthomonas bacteria (Sanjana et al. 2012). An 
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important characteristic of these proteins is the DNA binding domain, which contains 
specific nucleotide recognition sites (Boch et al. 2009). Thus, bioengineering the DNA 
binding domain sequence of a TALE could allow the binding of the domain to specific 
genomic loci. To improve the efficiency, the “architectures” of the TALE binding domain 
can be optimized by inserting optimal ranges for both the spacer lengths and the number 
of repeats for recognition sites (Cermak et al. 2011). Moreover, it has been shown that the 
TALE binding domain can be fused with the catalytic domain (CD) of common epigenetic 
modifiers to alter the epigenetic environment around a specific genomic locus (Mahfouz et 
al. 2011; Hsu et al. 2014; Carlson et al. 2012; Heller et al. 2014; Mendenhall et al. 2013). 
Thus, it is possible to fuse the optimized TALE binding domain with CD of Tet3 to 
specifically target the gephyrin intronic locus. Furthermore, the optimized bioengineered 
TALE-Tet3 CD can be delivered into vmPFC by AAV-driven viral approach prior to fear 
extinction training. By introducing this construct, it would promote hyper-
hydroxymethylation only at this specific locus. The effects of Tet3-mediated 5hmC 
accumulation specifically at the gephyrin locus in response to fear extinction could be 
examined after the extinction training.  
 
5.2.2 The epigenetic landscape supports memory priming  
H3R2me2S is a newly identified histone mark that maintains genes in a poised 
euchromatin state for transcriptional re-activation (Migliori et al. 2012). We observed an 
increase in gephyrin mRNA expression in the presence of H3R2me2S, which was 
dependent on Tet3-mediated accumulation of 5hmC. Moreover, increased levels of 5hmC 
and H3R2me2S were observed 24 hours after extinction training; however, the expression 
of gephyrin mRNA returned to baseline at the same time. This suggests a potentially time-
dependent relationship between experience-dependent DNA modifications, the chromatin 
landscape, and gene expression that occurs in response to fear extinction training. 
Interestingly, recent evidence indicates that another DNA modification, 5fC, can promote 
long-lasting epigenetic priming at poised enhancers (Song et al. 2013). Moreover, several 
reports indicate that 5hmC can oxidized to form 5fC (Ito et al. 2010; Guo et al. 2011). Thus, 
it is possible 5hmC will be replaced by 5fC to promote a primed epigenetic state, which will 
then be reflected by greater induction of gene expression in response to further extinction 
training. 
 
I would next identify whether there is persistent accumulation of 5fC at the gephyrin locus 
following fear extinction, which would show concomitant H3R2me2S deposition beyond 24 
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hours post fear extinction training to determine whether epigenetic priming occurs. Then, 
after exposure to a weak extinction protocol (5CS), which has been previously reported in 
our lab (Lin et al. 2011; Wei et al. 2012; Marek et al. 2011), the priming effect would be 
triggered.  I would then assess DNA modification, H3R2meS levels and gephyrin gene 
expression in the ILPFC after behavioural training. To further test this hypothesis, I could 
use a TALE-DNMT3a CD fusion protein to reverse the DNA modification state back to 
5mC to prevent the accumulation of 5hmC and 5fC. If 5hmC and 5fC are essential for 
metaplasticity, then animals will not exhibit increased gephyrin expression or display a 
robust extinction memory.   
 
5.3 Outlook and future projects  
There are significant sex-specific differences in neuronal function and in fear-related 
learning and memory processes (Baran et al. 2009; Maeng & Milad 2015; Toledo-
Rodriguez & Sandi 2007; Baker-Andresen et al. 2013); however, sex-specific effects on 
the epigenetic regulation of genes directly associated with fear-related learning and 
extinction memories have not yet been described. Thus, to extend my thesis, in future work 
I would like to advance the current state of knowledge in the field with respect to epigenetic 
mechanisms of sex differences in learning and memory.  
 
5.3.1 Sex-differences in DNA modifications and fear extinction 
Gene expression within ILPFC, a region of the brain critical for learning and memory, is 
associated with the acquisition and extinction of conditioned fear (Milad & Quirk 2002). 
Fear-related learning induces mRNA expression within the ILPFC of genes that known to 
play a key role in fear-related memory formation (e.g. BDNF) (Peters et al. 2010; Bredy et 
al. 2007). As indicated, there are significant sex-specific differences in neuronal function 
and in fear-related learning and memory (Maeng & Milad 2015; Zhou et al. 2014; 
Hammerslag & Gulley 2015; Altemus et al. 2014). However, sex-specific effects on the 
epigenetic regulation of genes that are directly associated with fear-related learning and 
extinction memories have not been well studied. Recently, it was discovered that 5mC 
within the promoter of BDNF exon IV is associated with a resistance to fear extinction 
learning in female mice (Baker-Andresen et al. 2013). Sex-specific effects on 5hmC have 
not yet been described. Thus, to extend my thesis work, I propose to explore whether sex-
specific differences in fear extinction are associated with divergent patterns of 5hmC and 
gene expression within ILPFC.    
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5.3.2 Cell-type- and locus-specific SMRT-sequencing 
Researchers have been able to detect other DNA base modifications in the mammalian 
genome, including 5fC and 5CaC during stem cell differentiation (Ito et al. 2010), as well as 
8-Oxo-7,8-didroguanine (8-oxoG) in response to oxidative stress (causally linked to 
inflammation) (David et al. 2007); and N-6-methyladenine in the regulation of Myo-D1 gene 
expression (Kay et al. 1994). Thus, there is convincing evidence to suggest that DNA 
modifications are not limited to cytosine in the mammalian genome. Only a few of these 
modifications have been investigated, possibly due to technical limitations. For example, 
scientists have only just realized that standard bisulfide conversion treatment is unable to 
distinguish between 5mC, 5hmC, 5fC and 5CaC (Huang et al. 2010). Moreover, the ability 
to address other DNA modifications, particularly within the context of learning and memory, 
has been hindered by a lack of resolution in heterogeneous cell populations. Unlike 
immune cells, it is likely that, for certain behaviours, epigenetic changes in small 
populations could be associated with specific neuronal responses, such as a neuronal 
activation for fear-related memory in a particular cortical region. Furthermore, these 
modifications may also be present throughout the genome in low abundance. Current 
methods are simply not sensitive enough to detect rare DNA modifications due to high 
background and noise. Thus, new technology is required to overcome these limitations. 
  
As a step toward addressing these issues, I developed a novel sequencing strategy based 
on the Illumina sequencing platform. By coupling fluorescent-activated cell sorting (FACS) 
technology with multiplex barcoding, we are able to determine neuronal specific DNA 
methylation patterns from a heterogeneous cell population (Chapter 3). This novel method 
has been applied to determine neuron-specific patterns of 5mC in a model of cocaine 
addiction and after chronic toluene exposure (both performed by PhD students in our lab). 
However, this method still has limitations that constrain the detection of rare DNA 
modifications. Therefore, there is great need for technological innovation to overcome this. 
A novel DNA modification detection method that is still in development combines FACS 
(cell-type specific), genomic loci-capture (gene-specific), and a third generation 
sequencing platform to perform ultra-low input (5pg) single molecule, real-time detection of 
base modifications in the neuroepigenome. By using this technology, we will be able to 
detect any DNA modification to gain insight into how different DNA modifications, in 
different cell types, control gene expression in response to neuronal activation. 
Furthermore, we will apply this technology, in vivo, to reveal the functionality of different 
DNA modifications in the neuronal genome within fear-related learning paradigms. 
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5.4 Final conclusion 
In conclusion, this thesis has elucidated a novel epigenetic regulatory mechanism that is 
critically involved in fear extinction. Moreover, the purposed future experiments and 
potential projects have opened the metaphorical ‘Pandora’s Box’, by enhancing our 
appreciation of DNA modification in general and the role this epigenetic mechanism plays 
in promoting behavioural adaptation. The field of neuroepigenetics has exploded, and I am 
excited to be part of the team that has ignited it. 
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Appendix!A#
Bar chart of normalized reads density for the validated genomic region for Chapter 4.  
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Figure Caption:  Bar chart of normalized read counts per each trained group for the selected genomic 
regions. A) A significant enrichment in 5hmC at the Gabbr2 locus was observed after extinction training 
(N=7-8 per group, F3,27=3.997, P<0.001, Turkey’s post-hoc test FC-No Ext vs EXT, ***P<0.001); B) Within 
Lin7a intronic region, there was an increase in 5hmC post extinction training (N=8 per group, F3,28=5.941, 
P<0.005, Turkey’s post hoc test FC-No Ext vs EXT, *P<0.05); C) No effect at the Camk1d locus; D) A 
significant increase in 5hmC at the Gabrr1 locus was observed after extinction training (N=8 per group, 
F3,28=5.707, P<0.005, Turkey’s post-hoc test FC-No Ext vs EXT, **P<0.01); E) 5hmC level at Axin2 locus 
was significantly increased after fear extinction (N=7-8 per group, F3,27=11.7, P<0.01, Turkey’s post-hoc test 
FC-No Ext vs EXT, ****P<0.0001); F) The genomic region within Dyrk1a showed an increase in 5hmC 
after extinction training (N=8 per group, F3,28=11.7, P=0.4208, Turkey’s post hoc test FC-No Ext vs EXT, 
***P<0.0005); G. A significant increase in 5hmC at the dhx8 locus was observed after extinction training 
(N=7-8 per group, F3,27=10.95, P<0.0001, Turkey’s post hoc FC-No Ext vs EXT, ***P<0.001); H. At the 
Nrxn1 intronic region, there was an increase in 5hmC post extinction training (N=8 per group, F3,28=7.836, 
P<0.001, Turkey’s post-hoc test FC-No Ext vs EXT, **P<0.01); I) 5hmC at the Stx6 locus was significantly 
increased after fear extinction (N=8 per group, F3,27=4.998, P<0.01, Turkey’s post-hoc test FC-No Ext vs 
EXT, *P<0.05); J) Post extinction, there was a significant increase in 5hmC at the Dlgap2 genomic locus 
(N=8 per group, F3,28=48.19, P<0.0001, Turkey’s post-hoc test FC-No Ext vs EXT, ****P<0.0001); K) There 
was no effect of extinction training at the Sem3a locus; L) Intronic region of Slc6a17 showed a significant 
enrichment in 5hmC after extinction training (N=8 per group, F3,28=4.832, P<0.01, Turkey’s post-hoc test 
FC-No Ext vs EXT, *P<0.05). 
 !
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It is well established that the activity of chromatin-modifying enzymes is crucial for regulating gene expression associated with
hippocampal-dependent memories. However, very little is known about how these epigenetic mechanisms influence the formation of
cortically dependentmemory, particularlywhen there is competitionbetweenopposingmemory traces, such as thatwhichoccurs during
the acquisition and extinction of conditioned fear. Herewe demonstrate, in C57BL/6mice, that the activity of p300/CBP-associated factor
(PCAF) within the infralimbic prefrontal cortex is required for long-term potentiation and is necessary for the formation of memory
associated with fear extinction, but not for fear acquisition. Further, systemic administration of the PCAF activator SPV106 enhances
memory for fear extinction and prevents fear renewal. The selective influence of PCAF on fear extinction is mediated, in part, by a
transient recruitment of the repressive transcription factorATF4 to thepromoter of the immediate early gene zif268, which competitively
inhibits its expression. Thus, within the context of fear extinction, PCAF functions as a transcriptional coactivator, which may facilitate
the formation of memory for fear extinction by interfering with reconsolidation of the original memory trace.
Introduction
Fear extinction is the gradual reduction in the fear response by
repeated presentation of a non-reinforced conditioned stimulus,
which generates a new memory that competes with the original
fearmemory trace. The role of themedial prefrontal cortex in this
process has received increased attention because it is simultane-
ously involved in regulating memory for both fear and its extinc-
tion. Thus, inactivation of the prelimbic prefrontal cortex
(PLPFC) impairs fear acquisition (Laurent andWestbrook, 2009;
Mamiya et al., 2009), whereas lesions or infusions of protein
synthesis inhibitors into the infralimbic prefrontal cortex
(ILPFC) slow fear extinction (Vidal-Gonzalez et al., 2006; Sierra-
Mercado et al., 2011). Although current evidence indicates that
there is a regional bias with respect to the regulation of opposing
memories, it is likely that specific neurons throughout themedial
prefrontal cortex contribute to each kind of memory, similar to
the observation of fear- and extinction-specific neurons within
the basolateral amygdala (Herry et al., 2008). The activity of these
neurons would be presumed to be contingent on afferent projec-
tions from their connections with regions that contribute to both
fear and extinction, as well as local reciprocal connections be-
tween the PLPFC and ILPFC (Hoover and Vertes, 2007). The
existence of this regional heterogeneity prompted us to consider
whether there are distinctive mechanisms associated with com-
peting memory processes.
Fear extinction depends on coordinated gene expression and
the synthesis of new synaptic proteins, which involves epigenetic
mechanisms (Bredy et al., 2007; Bruel-Jungerman et al., 2007;
Barrett and Wood, 2008; Bredy and Barad, 2008; Alberini, 2009;
Stafford et al., 2012). Indeed, since the discovery that histone
acetyltransferase (HAT) contributes to novel taste learning, our
understanding of how the epigenome influences learning and
memory has advanced considerably (Swank and Sweatt, 2001;
Levenson and Sweatt, 2006; Koshibu et al., 2009; Day and Sweatt,
2010). For example, p300 and CREB-binding protein (CBP) are
essential for contextual fear, object recognition, and spatialmem-
ories (Alarco´n et al., 2004, Wood et al., 2005; Vecsey et al., 2007,
Stefanko et al., 2009). The HAT p300/CBP-associated factor
(PCAF) has also been implicated in memory formation, as PCAF
knock-out mice are impaired in spatial learning and the reversal
of an operant conditioning task, but show enhanced contextual
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fear memory (Maurice et al., 2008; Duclot et al., 2010). Further-
more, spatial learning leads to an increase in PCAF gene expres-
sion in the dorsal hippocampus (Bousiges et al., 2010). While
HAT activity is clearly involved in different types of memory
formation, how these epigenetic mechanisms exert their influ-
ence when there is competition between opposing memories for
control over behavior, such as that which occurs during the ac-
quisition and extinction of conditioned fear, is not understood.
In the current series of experiments, we have discovered that
PCAF functions as a coactivator within the ILPFC to selectively
regulate fear extinction, a finding that makes this epigenetic
mechanism an attractive target for the treatment of fear-related
anxiety disorders.
Materials andMethods
Mice. Naive 10–12-week-old C57BL/6 male mice were housed four per
cage, maintained on a 12 h light/dark schedule, and allowed ad libitum
access to food andwater. All testingwas conducted during the light phase
in red-light-illuminated testing rooms following protocols approved by
the Animal Ethics Committee of the University of Queensland.
Nuclear protein extraction. Preparation of nuclear protein extracts de-
rived from 1 mm3 tissue punches encompassing the ILPFC [anterior–
posterior (AP)!1.34mm to!1.98mm] of naive, fear-conditioned, and
extinction-trained mice (n" 5/group) were performed using the CelLy-
tic NuCLEAR extraction kit (Sigma Aldrich) as per the manufacturer’s
instructions. Briefly, the extracted tissuewaswashed twice in 1#PBS and
resuspended in 1000 !l of hypotonic 1# lysis buffer containing 10 !l of
0.1 M DTT and 10 !l of protease inhibitor. The tissue was then homog-
enized, centrifuged in suspension for 20 min (10,000–11,000 # g) and
the supernatant removed. The remaining crude pellet was resuspended
in 140!l of extraction buffer containing 1.5!l of 0.1 MDTT and 1.5!l of
protease inhibitor, and shaken gently for 30min. Finally, the solutionwas
centrifuged for 5 min at 20,000# g and the supernatant transferred to a
clean, chilled tube where it was snap frozen in aliquots with liquid nitro-
gen and stored at$70°C.
Protein antibody microarray. Epigenetic regulatory protein expression
was examined using the Panorama Antibody Microarray Gene Regula-
tion kit (Sigma Aldrich) as per the manufacturer’s instructions. Briefly,
the samplewas dialyzed at 4°C for 2 h in dialysis buffer (1000# volume of
sample). The dialysis buffer was subsequently replaced with freshly pre-
pared carbonate buffer (0.1 M, pH 9.5–9.6, carbonate-bicarbonate buf-
fer) for an additional 2 h at 4°C. The sample was labeled by adding 1ml of
extract (1 mg/ml) to a vial containing either Cy3 or Cy5 labeling dye and
mixed thoroughly. The reaction was incubated at room temperature for
30 min, mixing the solution every 10 min, after which excess Cy3/Cy5
was removed by using SigmaSpin columns (SigmaAldrich). Protein con-
centration was determined using the Bradford protein assay, and the
samples were subsequently stored at 2–8°C. Cy3- and Cy5-labeled sam-
ples (50–150 !g) of equal concentrations (10–30 !g/ml each) were
mixed in a tube with 5ml of array incubation buffer (Sigma Aldrich) and
added to an incubation tray. PBS-washed slides were immersed in the
incubation tray where they were covered with aluminum foil and incu-
bated for 30 min at a shaking frequency of%30 rpm. Subsequently, the
slides were washed three times for 5 min in three separate wells contain-
ing 5 ml of washing buffer each. Finally, excess liquid was decanted and
the slides were incubated for 2 min in PBS before being air-dried for 20
min, protected from light. Microarray data acquisition was performed
via a PerkinElmer ScanArray Express laser microarray scanner with sub-
sequent quantification using ImaGene 8.0 software (BioDiscovery). The
signal background pixel intensity median was subtracted from the signal
pixel intensity median values for all spots (background correction). Ex-
perimental values were then divided by control values for each corre-
sponding spot. The (overall) median for all spot ratios was calculated.
This process was repeated for the slides inwhich the dyes were exchanged
(experimental vs control) to account for dye bias (dye swap method).
Normalization of values was achieved by dividing the ratio for each spot
by the overall ratio median for both dye configurations. The normalized
ratios for both dye configurations were then averaged and standard de-
viations calculated. The ratios for replicates were averaged, and this final
fold change value was used to infer relative protein abundance in
extinction-trained relative to fear-conditioned mice.
Western blot. Protein concentration of nuclear preparations was deter-
mined according to themethoddescribed byBradford (1976). Individual
samples, each encompassing one ILPFC (n " 4–5 per group) as de-
scribed above, were run on a single 15-well gel. Briefly, samples were
prepared on ice (to a final volume of 20 !l) and then vortexed and
denatured for 10 min at 70°C. Gels were run with 1# Tris buffered
saline-Tween (TBS-T) and proteins transferred onto nitrocellulose
membrane (Hybond-ECL; GE Healthcare). The membrane was blocked
with 5ml of 5% skimmilk powder (Carnation) in TBS-T for 1 h at room
temperature, washed with TBS-T for 5 min (3#), and incubated with 5
ml of H3K9me2 (1:1000; Abcam), CBP (1:1000; Abcam), MeCP2 (1:
1000; Abcam), PCAF (1:1000; Millipore), HDAC2 (1:1000; Cell Signal-
ing Technology), and p300 (1:1000; Millipore) antibodies in TBS-T in
0.5% skimmilk powder for 24 h at 4°C. Themembrane was washed with
TBS-T (3#), incubated for 1 h with anti-mouse IRDye 680 goat anti-
mouse secondary antibody (1:2500; LI-COR) or IRDye 800 goat anti-
rabbit secondary antibody (1:2500; LI-COR) in TBS-T, and washed in
TBS-T for 10min (5#) and 20min (1#). Optical density readings of the
filmwere takenusing a LI-CORanalysis system.Aone-wayANOVAwith
Tukey’s post hoc tests was used for analysis, and the ratio of the relative
optical density for target over the relative optical density for total H3 was
calculated, thus providing an internal control for each sample.
Immunohistochemistry. Mice were killed with 100 mg/kg ketamine,
after which 50 ml of 1:100,000 sodium nitrite in PBS was pumped
through the circulatory system, serving as a vasodilator. To fix the tissue,
4% paraformaldehyde in PBS was used. Following extraction, the brains
were stored for 24 h in formalin. Subsequently, they were washed three
times in PBS for 20 min before being stored in 0.05% sodium azide. The
brains were placed in 30% sucrose for aminimumof 24 h before cryostat
slicing. Sectioning at 14 !m was performed using a Zeiss Microm
HM560 cryostat, and sections were mounted on Menzel-Glaser Super-
frost Plusmicroscope slides. Briefly, the sections were incubated 1–2 h in
blocking buffer, after which primary antibodies (PCAF and ATF4,
1:1000) were added and the slides incubated at 4°C overnight. The slides
were then washed three times with PBS containing 0.02% Tween 20
(PBS-T), after which secondary antibodies were added (DyLight 488-
conjugated AffiniPure sheep anti-mouse IgG or DyLight 549-conjugated
AffiniPure goat anti-rabbit IgG; Jackson ImmunoResearch Laborato-
ries). The slideswere then incubated at room temperature for 2 h, washed
three times with PBS or PBS-T, and coverslipped.
Behavioral training (for tissue collection). Naive animals remained in
their home cages until death. For the other two groups, fear conditioning
consisted of three pairings [2 min intertrial interval (ITI)] of a 2 min, 80
dB, white-noise conditioned stimulus (CS) coterminating with a 2 s, 0.7
mA footshock in Context A. Mice were matched into equivalent treat-
ment groups based on freezing during the third training CS. One day
later, the fear-conditioned mice were brought to Context B, where the
extinction group (EXT, n " 3–5/group) was presented with 60 CS pre-
sentations (2 min., 5 s ITI), based on our previous work indicating that
this number of CS exposures induces near complete extinction (Cain et
al., 2005). The fear-conditioned without extinction (FC-No EXT, n "
3–5/group) group spent an equivalent amount of time in Context B
without any CS presentations. Tissue punches encompassing the ILPFC
were collected fromboth of these groups 2 h after the end of their Context
B session.
Drugs. For local infusion studies, a PCAF inhibitor (50 !M H3-CoA-
20-Tat, infusion rate 1!l/2min), control compound (50!MAc-DDDD-
Tat, 1!l/2min), or a PCAF activator (30!MSPV106, infusion rate 1!l/2
min) was used. These doses were selected based on effective cell perme-
ability, inhibition and activation of PCAF activity in vitro (Lau et al.,
2000; Cole, 2008; Sbardella et al., 2008), and our own pilot experiments
demonstrating a null effect at lower doses. For the systemic studies look-
ing at the effects of PCAF activation, SPV106 (2.5, 25, or 250 mg/kg,
delivered i.p.) or vehicle (1%DMSO, delivered i.p.) was used. This dose–
response curve was based on our previous in vivo work demonstrating
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effective activation of histone acetylation with 25 mg/kg SPV106
(Sbardella et al., 2008; Colussi et al., 2011; Milite et al., 2011). For the in
vitro assays, the small molecule p300/CBP inhibitor C646 (25!M) (Bow-
ers et al., 2010) was also used.
Surgery. Double cannulae (Plastics One) were implanted into the
ILPFC or PLPFC along the midline in the anterior posterior plane a
minimum of 3 d before behavioral training. ILPFC cannulae were cen-
tered at AP !1.78 mm, and dorsal–ventral (DV) "2.9 mm. For the
PLPFC infusion experiments, cannulae were centered at AP!1.78 mm,
DV"1.9 mm. After behavioral testing, all mice were transcardially per-
fused and their brains dissected, sectioned, and Nissl stained (1:1000) to
confirm placement of the cannulae.
Behavioral training and testing. Experiments investigating the effects of
PCAFon the extinction of conditioned fear consisted of three phases: fear
acquisition (Context A), fear extinction (Context B), and testing (Con-
text B). Testing occurred 1 d after extinction training to allow for com-
pletememory consolidation. In all experiments, cued fear was induced in
untreated, naive mice with three pairings of a 2 min, 80 dB, white-noise
CS coterminating with a 2 s, 0.7 mA footshock (2 min ITI). Mice were
matched into equivalent treatment groups based on freezing during the
third training CS. One day later, the mice were placed in Context B and
allowed to acclimate for 2 min. Extinction training comprised either 30
non-reinforced 2 min CS presentations (5 s ITI) for testing the effect of
PCAF inhibition or five CS exposures for testing the effect of PCAF
activation on the formation of memory for fear extinction. Immediately
following the last CS exposure, the mice were infused either systemically
or directly into the ILPFC with a PCAF inhibitor, PCAF activator, or
control compound (1 !l injection volume, over 2 min). As controls,
fear-conditioned mice without extinction (FC-No EXT) were placed in
Context B for a time equal to that spent there by extinguished mice but
were not exposed to any CS presentations. For the behavioral tests, all
mice were returned to Context B in the drug-free state 24 h after extinc-
tion training. After a 2min acclimation, freezing was assessed during two
2 min CS presentations (2 min ITI). In the final study, where we admin-
istered a PCAF activator (25 mg/kg) 30 min before extinction training,
24 h after testing in Context B,mice were tested for renewal in Context A.
For the studies on fear acquisition, training consisted of three pairings (2
min ITI) of a 2 min, 80 dB, white-noise CS coterminating with a 2 s, 0.7
mA footshock in Context A. Immediately following the last CS–uncon-
ditioned stimulus pairing, mice were infused directly into the PLPFC
with either the PCAF inhibitor or control compound (3 !g or 1 !l,
respectively; 2 min). Twenty-four hours after training, mice were tested
for auditory-cued fear memory in Context B. Behavioral freezing—the
absence of all nonrespiratory movements—was rated during all phases
by an experienced investigator blind to subject treatment, using a 5 s
instantaneous time sampling technique. The percentage of observations
with freezing was calculated for each mouse, and data represented as
mean # SEM freezing percentages for groups of mice during specified
time bins. Total sessionmeanswere analyzedwith one-wayANOVAwith
Tukey’s post hoc tests with FC-No EXT control (for extinction) or No-
shock control (for fear acquisition) as reference.
Electrophysiology. Young adult C57BL/6 mice (28- to 40-d-old) were
anesthetized with isoflurane and killed by cervical dislocation. Brains
were rapidly removed and placed in ice-cold artificial CSF (aCSF) con-
taining the following (in mM): NaCl 118, KCl 2.5, NaHCO3 25, glucose
10, MgCl2 1.3, CaCl2 2.5, and NaH2PO4 1.2. Coronal brain slices (300
!m) containing the ILPFC were prepared with a vibratome (VT 1000S;
Leica). Slices were allowed to recover in oxygenated (95% O2/5% CO2)
aCSF at 35°C for at least 30 min, after which they were kept at room
temperature for at least another 30 min before experiments were com-
menced. Sliceswere transferred to the recording chamber as required and
were continuously perfused with oxygenated aCSF through a gravity-fed
system while being maintained at 30–32°C. The perfusate (45 ml of
aCSF, 45 ml of 25 !M Lys-CoA-20-Tat, or 45 ml of 100 !M CPTH2 in 25
ml of aCSF) was recycled using a peristaltic pump to reduce drug usage
(Econo Pump EP-1). Experiments were performed in the presence of
picrotoxin (100 mM) and CGP-35348 (1 mM) to block GABAergic trans-
mission. Field responses were recorded from layer 5 of the ILPFC using
glass electrodes filled with 3 M NaCl (pipette resistance, 4–7 mW) and a
bipolar stimulating electrode was placed in layer 2/3. Synaptic responses
were evoked at 0.1 Hz, and long-term potentiation (LTP) was induced
using high-frequency stimulation (HFS) (5 pulses at 100 Hz, repeated 20
times with an interpulse interval of 200 ms, repeated 5 times with 6 s
between trains). The effects of HFS were calculated by averaging 10 min
(60 sweeps) of recordings immediately before and 60 min after LTP
induction. Signals were recorded using a patch-clamp amplifier (Multi-
clamp 700B;MolecularDevices). Responses were filtered at 4–8 kHz and
digitized at 10 kHz (ITC-18; Instrutech). All data were acquired, stored,
and analyzed on aMacintosh computer using Axograph X (version 1.2.).
t tests were used for statistical comparisons between groups. Results are
expressed as mean# SEM.
Cell culture, transfection, and dual luciferase assay.HEK293T cells were
cultured in DMEM containing 10% fetal bovine serum in 96-well plates
and maintained in 5% CO2. Transfection was performed at 50% conflu-
ency. The cells were transfected with 80 ng of pCRE-LUC, and 200 ng of
pCMV-ATF4 or pCMVplasmids for eachwell. TheTKplasmids carrying
Renilla luciferase was also cotransfected as an internal control. Cells were
harvested 24 h after transfection, and relative luciferase activities were
analyzed using the Dual-Luciferase assay kit (Promega) as per the man-
ufacturer’s recommendation, on a Fluostar OPTIMA plate reader. Lu-
ciferase activity values were determined relative to the control Renilla
luciferase activity for monitoring the transfection efficiency.
ATF4 overexpression construct design and luciferase assay. Total RNA
was isolated from cortical tissue samples by phenol-chloroform extrac-
tion, after which the RNA was reverse transcribed into a cDNA template
using a QuantiTect Reverse Transcription kit (Qiagen). PCR was per-
formed to obtain the ATF4 full-length fragment using ATF4 (PCR prim-
ers: forward, 5$-AAGGATCCGC CACCATGACCGAGATGAGCT-3$;
reverse, 5$-CCGCTCGAGCGGAACTCTC TTCTTCCC-3$). The puri-
fied ATF4 fragment was then double digestedwith BamHI andXhoI, and
ligated to the pCMV-Tag1 vecter (Stratagene) to create the ATF4 over-
expression construct pCMV-ATF4. For the luciferase assay, a 233 bp
fragment of the "242 to "10 bp sequence in the zif268 promoter con-
taining two proximal CRE elements was amplified using primer pairs for
the mouse zif268 promoter (forward, 5$-CGGAGCTCCCACTGCTGC
TGTTCCAATA-3$;reverse,5$-CGGCTAGCGAATCGGCCTCTATTTC
AAG-3$) using mouse genomic DNA as a template. The fragment was
inserted between the SacI and NheI sites of the pISO vector, upstream of
the firefly luciferase reporter gene, to generate pCRE-LUC.
Chromatin immunoprecipitation. Chromatin immunoprecipitation
(ChIP) was performed followingmodification of the Invitrogen ChIP kit
protocol. Tissue samples encompassing ILPFC were fixed in 1% formal-
dehyde and cross-linked cell lysates were sheared by sonication in 1%
SDS lysis buffer to generate chromatin fragments with an average length
of 100–200 bp. The chromatin was then immunoprecipitated using an
antibody specific to ATF4 (Santa Cruz Biotechnology) or an equivalent
amount of control IgG (anti-rabbit; Santa Cruz Biotechnology) over-
night at 4°C. Protein–DNA–antibody complexes were precipitated with
protein G-magnetic beads for 1 h at 4°C, followed by two washes in low
salt buffer, two washes in high salt buffer, and three washes with 1%
tris-EDTA buffer. The precipitated protein–DNA complexes were eluted
from the antibody with 1% SDS and 0.1 M NaHCO3, then incubated
overnight at 65°C in 200 mM NaCl to reverse formaldehyde cross-links.
Following proteinase K digestion, phenol-chloroform extraction, and
ethanol precipitation, samples were subjected to qPCR using primer
pairs specific for 200 bp segments corresponding to the upstream pro-
moter region of the mouse zif268 gene carrying a CRE.
Coimmunoprecipitation. Tissue was lyzed with 500 !l of modified
RIPA buffer for 15 min on ice. The cell lysates were then immunopre-
cipitated with PCAF (2 !g; Millipore), ATF4 (2 !g; Santa Cruz Biotech-
nology), CBP (2 !g; Santa Cruz Biotechnology), p300 (2 !g; Millipore),
or control rabbit IgG (2!g; Santa Cruz Biotechnology) antibody follow-
ing the protocol of Dynabeads Protein G (Invitrogen). Proteins were
resolved with SDS-PAGE and separately analyzed with PCAF (1:2000),
ATF4 (1:1000), CBP (1:1000), or p300 (1:1000) antibodies by standard
Western blot.
qRT-PCR. RNA from samples encompassing ILPFC was prepared us-
ing the Trizol extraction method (Invitrogen). Total RNA (1 !g) was
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used for cDNA synthesis using the Omniscript RT kit (Qiagen). PCRwas
then performed using primers for zif268 (forward, 5!-CCACTGCTGC
TGTTCCAATA-3!; reverse, 5!-GAATCGGCCTCTATTTCAAGG-3!)
and for PGK as an internal control (forward: 5!-TGCACGCTTCAAAA
GCGCACG-3!, reverse: 5!-AAGTCCACCCTCATCACGACCC-3!).
Quantitative PCR was performed using a RotorGeneQ (Qiagen) cycler
using SYBR-green (Qiagen). The threshold cycle for each sample was
chosen from the linear range and converted to a starting quantity by
interpolation from a standard curve run on the same plate for each set of
primers. zif268mRNA levels were normalized for each well to phospho-
glycerate kinase (PGK) mRNA using the ""CT method, and each PCR
was run in duplicate for each sample and repeated at least two times.
Normalized mRNA levels were expressed as a ratio over PGK relative to
FC-No EXT controls. mRNA levels were analyzed by one-way ANOVA
followed by a Tukey’s post hoc test where appropriate.
Results
Epigenetic regulatory proteins associated with fear extinction
Epigenetic mechanisms influence memory formation through a
host of proteins that regulate learning-induced gene expression
(Day and Sweatt, 2011). To begin to address how the epigenome
contributes to the opposing memory processes, we performed a
protein antibodymicroarray broadly enriched for epigeneticma-
chinery on ILPFC tissue derived fromEXT relative to FC-NoEXT
mice. For fear conditioning, mice were trained on a cued-fear
conditioning task and 24 h later were exposed to a novel context
for the equivalent duration of extinction training, but without CS
exposure, before being killed 2 h later. For fear extinction, mice
were fear conditioned as described, then exposed to an extinction
training protocol 24 h later, before being killed a further 2 h after
extinction training. Comparison between fear-trained and
extinction-trained mice revealed many distinct epigenetic regu-
latory proteins that were preferentially associated with fear ex-
tinction (Table 1; Fig. 1). We observed a significant increase in
methyl-CpG binding protein, MECP2 (microarray #1.7-fold
change, Western blot validation, F(2,11)$ 5.55, p% 0.05, Tukey’s
post hoc test, FC-No EXT vs EXT, p % 0.05; Fig. 1a). MECP2
regulates anxiety-related behavior and influences the function of
brain-derived neurotrophic factor (BDNF) (McGill et al., 2006;
Adachi et al., 2009). Given that DNA methylation has been im-
plicated in regulating the persistence of remotememories (Miller
et al., 2010), an increase in nuclear MECP2 levels may reflect a
role for active DNA methylation during the formation of fear
extinction memory. With respect to other epigenetic regulatory
proteins associated with histonemodification, we observed a sig-
nificant decrease in the expression of the histone deacetylase
HDAC2 after fear extinction (microarray &0.67-fold change
Western blot validation, F(2,11)$ 6.31, p% 0.05, Tukey’s post hoc
test, FC-No EXT vs EXT, p % 0.05; Fig. 1b). This finding is in
accordancewith a recent study demonstrating thatHDAC2 func-
tions as a negative regulator in memory formation and synaptic
plasticity (Guan et al., 2009). Thus, it is possible that downregu-
lation of HDAC2 after fear extinction training, like fear acquisi-
tion, is permissive for the memory consolidation, suggesting a
general role for this histone deacetylase in regulating memory.
The histone modification dimethyl histone 3 lysine 9 (H3K9me2)
was also decreased after extinction training (microarray &0.43-
fold change, Western blot validation, F(2,11) $ 15.21, p % 0.01,
Tukey’s post hoc test, FC-No EXT vs EXT; p% 0.05, Fig. 1c). This
posttranslational modification, associated with transcriptional
silencing, has been shown to increase after contextual fear learn-
ing (Gupta et al., 2010). Moreover, recent findings suggest that
both active and repressive histone modifications occur in a gene-
specific manner in the hippocampus and the entorhinal cortex
and both are required for the formation of contextual fear mem-
ory (Gupta-Agarwal et al., 2012). Furthermore, Gupta-Agarwal
et al. (2012) found that inhibition of the histone methyltrans-
ferase G9a can influence fear extinction; thus, a gene-specific
approachmay be necessary tomore precisely elucidate the role of
H3K9me2 in the formation of memory for fear extinction.
Finally, and perhaps the most intriguing observation in terms
of the contrast between fear extinction and fear acquisition, we
found a significant increase in the expression of PCAF (microar-
ray #1.65-fold change, Western blot validation, F(2,11) $ 5.86,
p% 0.05, Tukey’s post hoc test, FC-No EXT vs EXT, p% 0.05; Fig.
1d) and a corresponding decrease in both CBP and p300 after
extinction training (CBP microarray &0.68-fold change, West-
ern blot validation, F(2,11)$ 15.21, p% 0.01, Tukey’s post hoc test,
FC-No EXT vs EXT, p % 0.05; Fig. 1e; and p300 microarray
&0.68-fold change, Western blot validation, F(2,11)$ 11.09, p%
0.01, Tukey’s post hoc test, FC-No EXT vs EXT, p% 0.01; Fig. 1f).
These data indicate that there are distinct epigenetic regulatory
mechanisms within the ILPFC that are associated with either the
acquisition of fear or the formation of fear extinction memories.
PCAF activity is required for fear extinction but not for
fear acquisition
Next, we examined the functional relevance of the fear extinction
learning-induced increase in nuclear PCAF levels observed in our
protein antibody microarray. Mice were trained on a cued-fear
conditioning task in Context A, thenmatched for overall freezing
scores and randomly assigned to treatment groups. Twenty-four
hours later, they were extinction trained in a new context (Con-
text B; 5 non-reinforced CS exposures for the PCAF activator
experiment and 30 CS exposures for the PCAF inhibitor experi-
ment) and, immediately after extinction training, microinfused
directly into the ILPFC with either an activator of PCAF (30 !M
SPV106), an inhibitor of PCAF (50 !M H3-CoA-20-Tat), or a
control compound (50 !M, Ac-DDDD-Tat). One group of mice
from each experiment was trained on day 1 and exposed to Con-
text B on day 2 without CS exposures (FC-No EXT). These
groups were included to control for any nonspecific effects of
infusion stress or drug exposure on the original fear memory. On
day 3, all mice were returned to Context B and tested. There was
Table 1. Protein antibodymicroarray
Increased EXT versus FC-No EXT Fold change Decreased EXT versus FC-No EXT Fold change
PRMT4 2.03 p300/CBP 0.679
PRMT6 2.00 HDAC2 0.673
DNMT1 1.98 NTF2 0.668
Sp1 1.92 HDAC5 0.649
HAT1 1.88 hBrm/hsnf2a 0.630
AP-1/c-Jun 1.86 Importin alpha5/7 0.618
AP-2a 1.85 LAP2 (TMPO) 0.595
GATA-1 1.83 Phospho-histone H3 (pSer10) 0.581
Phospho-histone H3 (pSer28) 1.79 Actin 0.580
ATF-2 1.75 TRF-1 0.555
p63 1.74 H3K9me2 0.431
MBD4 1.74 PCNA 0.311
MeCP2 1.71 Coilin 0.279
HDAC3 1.67
bCATENIN (pSer33) 1.66
PCAF 1.65
HDAC10 1.64
H3K9me 1.60
HDAC4 1.50
A direct comparison between fear-trained and extinction-trained mice revealed many epigenetic regulatory
proteins that are preferentially associated with fear extinction.
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a significant reduction in freezing in
SPV106-treated EXT mice relative to
vehicle-treated FC-No EXT mice (F(3,20)
! 5.43, p " 0.01, Tukey’s post hoc test,
FC-No EXT vehicle vs EXT SPV106, p "
0.05; vs EXT vehicle, n.s.; Fig. 2a). These
data support the notion that PCAF activ-
ity in the ILPFC enhances the formation
of fear extinction memory. In contrast to
the effect of the PCAF activator on mem-
ory for fear extinction after five CS expo-
sures, a 30-CS extinction training
protocol produced a significant decrease
in freezing in vehicle-treated EXT mice
relative to FC-No EXTmice (Fig. 2b). Im-
portantly, this effect was completely elim-
inated in mice infused with the PCAF
inhibitor H3-CoA-20-Tat (F(3,32) ! 5.76,
p " 0.01, Tukey’s post hoc test, FC-No
EXT control vs EXT control, p" 0.05; vs
EXT PCAF inhibitor, n.s.), indicating that
PCAF activity in the ILPFC is required for
the consolidation of fear extinctionmem-
ory. Notably, the PCAF inhibitor had no
effect on the expression of the original fear
(Fig. 2b). In a separate experiment, wemi-
croinfused either H3-CoA-20-Tat (50
!M) or Ac-DDDD-Tat (50 !M) into the
PLPFC immediately after fear training, as
described above. Contrary to the effect of PCAF inhibition on
fear extinction memory, there was a significant increase in freez-
ing in H3-CoA-20-Tat-treated fear-conditioned mice relative to
control drug-treated fear-conditioned mice (Fig. 2c), an effect
that was not observed in no-shock controls (F(3,31)! 35.82, p"
0.0001, Tukey’s post hoc test, FC control vs FC H3-CoA-20-Tat,
p " 0.01; No-shock control vs No-shock H3-CoA-20-Tat, n.s.).
These data further support the idea that individual epigenetic
regulatory mechanisms are associated with specific memory
processes.
PCAF activity influences synaptic plasticity within the infralimbic
prefrontal cortex
Given that LTP is a putative mechanism for plasticity associated
withmemory formation (Bliss and Lomo, 1973) and that plastic-
ity within the ILPFC is required for the formation of fear
extinction memory (Milad and Quirk, 2002), we next investi-
gated the effects of PCAF inhibition on synaptic plasticity in
acute brain slices containing ILPFC neurons. LTP was induced
by tetanic electric stimulation (100 Hz protocol) of ILPFC
layer 2/3 neurons in 300!m coronal slices, and field potentials
were recorded from layer 5 neurons in the presence of GABA
receptor inhibitors. When added to the perfusate, a PCAF
inhibitor (H3-CoA-20-Tat, 25 !M) eliminated the induction
of LTP (one-tailed unpaired t test for the comparison of both
groups after LTP induction; Control: 121.3%# 5.2; H3-CoA-
20-Tat: 98.2% # 6.6, p " 0.05, n ! 6/group; Fig. 3). This
finding was then confirmed by using a structurally distinct
PCAF inhibitor, CPTH2, which again eliminated LTP induc-
tion (n ! 7; CPTH2: 97.2%, one-tailed unpaired t test com-
pared with control: p " 0.001; data not shown). These data
support previous findings demonstrating a role for HATs in
regulating LTP (Vecsey et al., 2007), and suggest that LTP
within the ILPFC is dependent, in part, on PCAF activity.
PCAF regulates fear extinction by transiently recruiting ATF4 to
the promoter of the immediate early gene zif268, which
downregulates its expression
To elucidate a potential mechanism by which PCAF preferentially
contributes to the formation of fear extinctionmemory, we focused
on the relationship between PCAF, ATF4, and the immediate early
gene zif268. ATF4, also known as CREB2, is a member of the CREB
family and isuniversally expressed in thebrain. Importantly,ATF4 is
a direct binding partner of PCAF and, in addition to its role as a
HAT, PCAF functions as a transcriptional coactivator for ATF4
(Che´rasse et al., 2007). Substantial evidence indicates that ATF4 in-
creases the threshold for LTP and impairs long-term memory by
competitive inhibition of CREB-mediated transcription in the hip-
pocampus (Bartsch et al., 1995, 2000; Chen et al., 2003; Guan et al.,
2003; Ameri and Harris, 2008). The immediate early gene zif268
(also known as Egr1,NGFI-A, andKrox-24) is crucial for the acqui-
sition, retrieval, and reconsolidation of conditioned fear, and zif268
is downregulated in the medial prefrontal cortex during extinction
learning (Hall et al., 2001; Bozon et al., 2003;Herry andMons, 2004;
Lee et al., 2004; Kirtley and Thomas, 2010; Lee, 2010; Cheval et al.,
2012). Thus, any interaction between ATF4 and zif268 would have
significant consequences on the ability of zif268 to regulatememory.
Indeed, luciferase assay revealed that overexpression of ATF4 led to
decreased activity of the firefly luciferase gene fused to the zif268
promoter (F(2,12) ! 5.43, p " 0.05; Tukey’s post hoc test, pISO vs
pCRE-Luc$ATF4Ox, p " 0.05; Fig. 4a), thereby demonstrating a
functional interaction between ATF4 and the CREwithin the zif268
gene promoter.
Next we sought to determine whether HAT activity influences
ATF4binding to the zif268 genepromoter. AlthoughATF4 interacts
withp300 andPCAF in cortical neurons in vitro (Fig. 4b), chromatin
immunoprecipitation revealed that in the presence of the PCAF in-
hibitor,H3-CoA-20-Tat,ATF4binding to theCREwithin the zif268
promoter is inhibited (two-tailed t test, t! 14.60 df! 6, p" 0.001;
Figure 1. Nuclear expression of epigenetic regulatory proteins associated with fear extinction. a, There was a significant
increase in theexpressionofmethyl-CpGbindingprotein,MECP2 (microarray$1.7-fold change,Westernblot validation, F(2,11)!
5.55, p" 0.05, Tukey’s post hoc test, FC-No EXT vs EXT, p" 0.05). b, Therewas also a significant decrease in the expression of the
histone deacetylase HDAC2 after fear extinction training (microarray%0.67-fold change, Western blot validation, F(2,11)! 6.31,
p"0.05, Tukey’spost hoc test, FC-No EXT vs EXT,p"0.05). c, Expression of the histonemodificationH3K9me2was also decreased
after extinction training (microarray%0.43-fold change,Western blot validation, F(2,11)! 15.21, p" 0.01, Tukey’s post hoc test,
FC-No EXT vs EXT, p" 0.05).d,We found a significant increase in the expression of PCAF (microarray$1.65-fold change,Western
blot validation, F(2,11)! 5.86, p" 0.05, Tukey’s post hoc test, FC-No EXT vs EXT, p" 0.05) and a corresponding decrease in both
CBP and p300 after extinction training. e, CBPmicroarray (%0.68-fold change,Western blot validation, F(2,11)! 15.21, p" 0.01,
Tukey’spost hoc test, FC-NoEXTvs EXT,p"0.05). f, p300microarray (%0.68-fold change,Westernblot validation F(2,11)!11.09,
p" 0.01, Tukey’s post hoc test, FC-No EXT vs EXT p" 0.01). *p" 0.05; **p" 0.01.
11934 • J. Neurosci., August 29, 2012 • 32(35):11930–11941 Wei, Coelho et al. • PCAF and Fear Extinction
Fig. 4c); however, this effect was not observed in the presence of a
small molecule p300/CBP inhibitor, C646 (Fig. 4d). In a primary
cortical neuron preparation used to mimic the effects of neural ac-
tivity on gene function, we also found that relative to nonstimulated
control samples, 50 mM KCl-induced depolarization led to signifi-
cantly less ATF4 binding to the zif268 promoter in the presence of
H3-CoA-20-Tat (F(3,21)! 4.28, p" 0.05; Tukey’s post hoc test, Con-
trol KCl# vs H3-CoA-20-Tat KCl$, p" 0.05; Fig. 4e). This effect
was not observed under KCl-induced depolarization conditions in
thepresenceofC646(Fig. 4f).Thus,ourdata suggest that theactivity
of PCAF, but not p300/CBP, is necessary for
ATF4 to be recruited to the zif268 gene pro-
moter and imply that, together with its well
established role as a HAT, PCAF also func-
tions as a transcriptional coactivator for
ATF4 in cortical neurons.
Immunohistochemistry revealed that
PCAF and ATF4 are coexpressed through-
out the medial prefrontal cortex (Fig. 5),
which further implies a role for this interac-
tion in medial prefrontal cortex-depen-
dent memory processes. To more clearly
elucidate the role of ATF4 in fear extinc-
tion, we next measured fear-related and
extinction learning-induced ATF4 bind-
ing to the zif268 promoter and zif268
mRNA expression within the ILPFC in
vivo. Relative to fear-conditioned mice,
fear extinction learning led to increased
ATF4 binding to the zif2568 gene promoter
[F(3,15) ! 5.40, p " 0.05; Tukey’s post hoc
test, FC-NoEXT (30min) vs EXT (30min),
p"0.05; Fig. 6a],whichwas associatedwith
decreased zif268 mRNA expression at the
same time point [F(3,30) ! 18.90, p "
0.0001; Tukey’s post hoc test, FC-No EXT
(30min)vsEXT(30min),p"0.05;Fig.6b].
Importantly, theseeffectswere transientand
were not present 2 h after extinction train-
ing, and did not occur in the presence of the
PCAF inhibitor, H3-CoA-20-Tat (Fig.
6c,d).Theseobservations emphasize the im-
portant relationshipbetween fear extinction
learning, PCAF activity, and ATF4-medi-
ated inhibitionofa retrieval-induced imme-
diate early gene known to be critical for
reconsolidation of fear memory, and sug-
gest a potential mechanism by which PCAF
activity contributes to the formation of fear
extinctionmemory.
Systemic administration of a PCAF
activator enhances the formation of fear
extinction memory and inhibits the return
of conditioned fear
To assess the translational potential of
targeting PCAF in the treatment of fear-
related anxiety disorders, we adminis-
tered a PCAF activator (SPV106; 2.5, 25,
250 mg/kg, i.p.) or vehicle (1% DMSO/
PBS) systemically, immediately after a
weak extinction training protocol that
does not normally lead to persistent ex-
tinctionmemory (5 non-reinforced white
noise exposures, 2 min duration, 5 s ITI). There was a significant
reduction in freezing in EXT mice treated with SPV106 (25 mg/
kg) relative to vehicle-treated FC-No EXT animals (Fig. 7, top
left), an effect that was not observed in vehicle-treated EXTmice
(F(5,63)! 3.91, p" 0.01, Tukey’s post hoc test, FC-NoEXT vehicle
vs EXT SPV106 25 mg/kg, p" 0.01; FC-No EXT vehicle vs EXT
vehicle, n.s.). Importantly, systemic administration of the PCAF
activator SPV106 (25 mg/kg), which enhances the formation of
fear extinction memory, had no effect on memory when admin-
Figure 2. PCAF activity within the ILPFC is required for the consolidation of memory for fear extinction but not for cued fear. a,
Therewas a significant decrease in freezing in SPV106-treated EXTmice relative to vehicle-treated FC-No EXTmice (F(3,20)! 5.43,
p" 0.01, Tukey’s post hoc test, FC-No EXT vehicle vs EXT SPV106, p" 0.05; vs EXT vehicle, n.s.). b, A 30-CS extinction training
protocol produced a significant decrease in freezing in vehicle-treated EXT mice relative to FC-No EXT mice. This effect was
eliminated in mice infused with the PCAF inhibitor H3-CoA-20-Tat (F(3,32)! 5.76, p" 0.01, Tukey’s post hoc test, FC-No EXT
control vs EXT control, p" 0.05; vs EXT PCAF inhibitor, n.s.). c, In a separate experiment, we infused either H3-CoA-20-Tat (3!g,
1 !l) or Ac-DDDD-Tat (3 !g, 1 !l) directly into the PLPFC immediately after fear training. There was a significant increase in
freezing inH3-CoA-20-Tat-treated FC relative to control drug-treated FCmice, an effect thatwas not observed in no-shock controls
(F(5,31)! 35.82, p" 0.0001, Tukey’s post hoc test, FC control vs FC H3-CoA-20-Tat, p" 0.01; No-shock control vs No-shock
H3-CoA-20-Tat, n.s.). US, Unconditioned stimulus; CTX, context. *p" 0.05; **p" 0.01.
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istered 6 h after training (Fig. 7, top right)
nor did it have any effect on the acquisi-
tion of cued-fear when administered im-
mediately after conditioning (Fig. 7,
middle). We then examined whether
PCAF activator-mediated enhancement
of fear extinctionmemory would result in
a reduction in the renewal of conditioned
fear (Fig. 7, bottom). There was a signifi-
cant decrease in freezing in EXT mice
treated with SPV106 (25 mg/kg) relative
to vehicle-treated FC-No EXT animals
when they were tested in Context B, as
well as significantly reduced freezing
when tested for the return of fear (re-
newal) in Context A [F(3,37) ! 3.91, p "
0.05; Tukey’s post hoc tests; Context B: av-
erage CS (AvgCS): EXT vehicle vs EXT
SPV106 25 mg/kg, p " 0.05; Context A:
pre-CS; EXT vehicle vs EXT SPV106 25
mg/kg, p " 0.05; AvgCS: EXT vehicle vs
EXT SPV106 25 mg/kg, p" 0.01; pre-CS:
EXT vehicle vs EXT SPV106 25 mg/kg,
p " 0.05; AvgCS: EXT vehicle vs EXT SPV106 25 mg/kg, p "
0.01]. These data demonstrate the selective role of PCAF activity
in the formation of fear extinction memory and highlight the
strength of targeting this epigenetic mechanism to reduce fear
responding after exposure therapy in the treatment of fear-
related anxiety disorders.
Discussion
Fear conditioning and its extinction are two distinct forms of
learning that engage different molecular pathways. We previ-
ously identified fear memory-specific patterns of histone modi-
fication around individual promoters of BDNFwithin the ILPFC
(Bredy et al., 2007). Cued-fear learning led to a general increase in
H3 acetylation around the P1 and P4 BDNF gene promoters,
which correlated with exon-specific BDNF mRNA expression.
Conversely, fear-extinction learning led to an increase inH4 acet-
ylation around the P4 BDNF gene promoter, again with a corre-
lated increase in BDNF exon IV mRNA expression (Bredy et al.,
2007). Memory for both fear and fear extinction could be strength-
ened by systemic administration of drugs that nonspecifically target
the epigenome to enhance learning-induced histone acetylation
(Bredy et al., 2008). Although theHATs p300 andCBP have consis-
tently been implicated in fear learning (Alarco´n et al., 2004,Wood et
al., 2005; Vecsey et al., 2007, Stefanko et al., 2009; Bousiges et al.,
2010), p300 activity within the ILPFC appears to be dispensable for
fear extinction (Marek et al., 2011). In contrast to the important role
of p300 and CBP in fear learning, we have now discovered that nu-
clear expression of PCAF is selectively increased in the ILPFC after
fear extinction training, that PCAF activity in the ILPFC is required
for LTP in this brain region, and that this epigenetic regulatory
mechanism isnecessary for the formationof fear extinctionmemory
but not for the acquisition of conditioned fear. The influence of
PCAFonextinction ismediated, inpart, by transiently recruiting the
repressive transcription factor ATF4 to the promoter of the imme-
diate early gene zif268. A consequent downregulation of zif268
mRNA may serve to temporarily constrain the reconsolidation of
theoriginal fear after retrieval, therebypromoting the formationof a
new fear extinctionmemory.
Figure 3. PCAF activity is necessary for synaptic plasticity within the ILPFC. a, LTP was induced by tetanic electric stimulation
(100Hzprotocol) of ILPFC layer 2/3neurons in300!mcoronal slices, and fieldpotentialswere recorded from layer 5neurons in the
presence of GABA receptor inhibitors. b, When added to the perfusate, the PCAF inhibitor (H3-CoA-20-Tat, 25!M) eliminated the
induction of LTP (one-tailed unpaired t test for the comparison of both groups after LTP induction; Control: 121.3% # 5.2;
H3-CoA-20-Tat: 98.2%# 6.6, *p" 0.05, n! 6/group).
Figure 4. PCAF recruits ATF4 to the promoter of the immediate early gene zif268, which
downregulates its expression. a, ATF4 functionally interacts with the zif268 promoter. b, ATF4
coimmunoprecipitates (IP) with p300 and PCAF in cortical neurons in vitro. c, In the presence of
a PCAF inhibitor, H3-CoA-20-Tat, ATF4 binding to the CRE within the zif268 promoter is de-
creased (two-tailed t test, t ! 14.60, df ! 6, p " 0.001). d, ATF4 binding to the zif268
promoter is not affectedby inhibitionof p300/CBPbyC646.e, Relative tononstimulated control
samples, 50 mM KCl-induced depolarization (used to mimic neural activity) led to significantly
lessATF4binding to the zif268promoter in thepresenceofH3-CoA-20-Tat (F(3,21)!4.28,p"0.05;
Tukey’s post hoc test, Control KCl$ vs H3-CoA-20-Tat KCl%, p" 0.05). f, Activity-dependent ATF4
binding to the zif268 promoter is not affected by inhibition of p300/CBP. *p" 0.05.
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Fear extinction is generally thought to be
a new learning process where the subject
forms anew“safe” associationwith the con-
ditioned stimulus that then acts to inhibit,
or oppose, the original fearmemory. Pavlov
first proposed that extinction of conditional
responding is an active learning process and
not just passive forgetting, or erasure, of the
conditioned association,with the evidence
for this includingobservations of a returnof
fear after extinction training by changing
the test context (renewal) (Bouton and
Bolles, 1979), presenting a noncontingent
unconditioned stimulus or stress (rein-
statement) (Rescorla and Heth, 1975), or
simply by allowing time to pass (sponta-
neous recovery) (Baum, 1988). However,
recently the idea that extinction learning
leads to erasure, at least in part, of the
original fear memory trace has gained
significant traction. For example, ex-
tinction training in young rodents leads
to complete erasure of cued-fear mem-
ory (Gogolla et al., 2009; Kim and Richard-
son, 2010). Further, by taking advantage
of the labile nature of memory at the time
of retrieval (Przybyslawski and Sara, 1997;
Nader et al., 2000), several laboratories
have shown that a reactivated memory
can either be updated or biased toward
extinction by a variety of factors, includ-
ing stimulus intensity, training to test in-
terval, or the duration of the reminder cue
(Eisenberg et al., 2003; Pedreira et al., 2004; Lee et al., 2006;
Tronson et al., 2006). Monfils et al. (2009) demonstrated that a
single non-reinforced conditioned stimulus before extinction
training diminishes the return of fear after fear extinction train-
ing, a finding subsequently replicated in mice (Clem and
Huganir, 2010), although others have observed variable effects
using a similar protocol (Chan et al., 2010). Interestingly, chronic
fluoxetine treatment leads to a permanent erasure of fear when
combined with fear extinction training, which occurs via direct
effects on BDNF (Karpova et al., 2011). These findings are in
accordance with an important role for BDNF in regulating the
extinction of conditioned fear (Bredy et al., 2007; Peters et al.,
2010; Andero et al., 2011) and suggest that a transient increase in
BDNF levels at the time of extinction learning might promote
memory erasure. The precise mechanism by which fear memo-
ries can be disrupted to allow fear extinction to proceed is not
fully understood, but appears to involve dendritic spine remod-
eling in the cortex (Lai et al., 2012) and the engagement of protein
degradation pathways (Lee et al., 2008). Our data, including the
observation that systemic administration of the PCAF activator
SPV106 leads to a reduction in the renewal of conditioned fear
(Fig. 7, bottom), support these findings and suggest that there are
critical, learning-specific, epigenetic mechanisms engaged at the
time of fear memory retrieval, which may contribute to the pro-
cess of memory destabilization and promote the formation of
fear extinction memory.
PCAF is involved in anxiety-related behavior and spatial and
reversal learning (Maurice et al., 2008; Duclot et al., 2010),
whereas both p300 and CBP are necessary for the formation of
contextual fear, object recognition, and spatial memory (Alarco´n
Figure5. Confocalmicroscopic imageof colabeledATF4andPCAF labelingwithin the ILPFC. Top left, ATF4 (red); top right, PCAF
(green); bottom left, DAPI (blue); bottom right, merge. Dotted lines show divisions between layers (L); large inset box is magnifi-
cation (3!) of small boxed area. Arrows indicate examples of colabeling. Scale bar, 100!m.
Figure 6. Fear extinction learning induces a transient increase in ATF4 binding to the zif268
promoter and decreases zif268mRNA expression in vivo. a, Relative to fear-conditioned mice,
fear-extinction learning led to increased ATF4 binding to the zif2568 gene promoter [F(3,15)"
5.40, p#0.05; Tukey’spost hoc test, FC-No EXT (30min) vs EXT (30min),p#0.05].b, Thiswas
associatedwithdecreased zif268mRNAexpressionat the same timepoint [F(3,30)"18.90,p#
0.01; Tukey’spost hoc test, FC-NoEXT (30min) vs EXT (30min),p#0.05]. c, ATF4binding to the
zif268 promoter after fear-extinction training was inhibited when training occurs in the pres-
ence of the PCAF inhibitor H3-CoA-20-Tat (50!M). d, In the presence of the PCAF inhibitor, fear-
extinction learning did not lead to decreased zif268mRNAexpression. *p# 0.05; **p# 0.01.
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et al., 2004; Korzus et al., 2004; Wood et al., 2005; Oliveira et al.,
2007; Vecsey et al., 2007; Stefanko et al., 2009; Oliveira et al.,
2011), but not for fear extinction (Marek et al., 2011). Together
with our previous observations (Marek et al., 2011), the current
data strongly suggest that p300/CBP and PCAF play opposing
roles in the regulation of fear extinction. Indeed, there are funda-
mental differences in how chromatin complexes incorporating
PCAF or p300/CBP are targeted toward genomic loci. One such
multi-subunit complex, ATAC, contains PCAF as its catalytic
subunit and is preferentially targeted to enhancers in a cell-type-
specific manner independent of p300 (Krebs et al., 2011). HATs
also directly interact with HDACs to regulate gene expression.
For example, HDAC3 is necessary for the acquisition of
hippocampal-dependent memory (McQuown et al., 2011) and it
was very recently demonstrated that HDAC1 activity within the
hippocampus selectively regulates the extinction of contextual
fear (Bahari-Javan et al., 2012). Given that PCAF forms a com-
plex with p300, together with HDAC1 (Yamagoe et al., 2003) as
well as HDAC3 (Yao et al., 2001), it is possible that there are
critical, yet undetermined, synergistic interactions between indi-
vidual HATs and HDACs that serve to rapidly regulate gene ex-
pression depending on the physiological state of the neuron, and
Figure7. Systemic administration of a PCAF activator enhances the formation ofmemory for fear extinction. Top left, Therewas a significant decrease in freezing in EXTmice treatedwith SPV106
(25mg/kg) relative to vehicle-treated FC-No EXTmice, an effect that was not observed in vehicle-treated EXTmice (Tukey’s post hoc test, EXT vehicle vs EXT SPV106 25mg/kg, p! 0.05). Top right,
Systemic administration of the PCAF activator SPV106 had no effect onmemorywhen administered 6 h after training.Middle, SPV106 did not affect cued-fearmemory. Bottom, SPV106 (25mg/kg)
administered before fear-extinction training prevented the renewal of conditioned fear [Context (CTX) B: Tukey’s post hoc test, AvgCS: EXT vehicle vs EXT SPV106 25 mg/kg, p! 0.05; Context A:
pre-CS; EXT vehicle vs EXT SPV106 25mg/kg, p! 0.05; AvgCS: EXT vehicle vs EXT SPV106 25mg/kg, p! 0.01; Tukey’s post hoc test, preCS: EXT vehicle vs EXT SPV106 25mg/kg, p! 0.05; AvgCS:
EXT vehicle vs EXT SPV106 25 mg/kg, p! 0.01). *p! 0.05; **p! 0.01.
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which are preferentially engaged depending on the memory
process.
ATF4, also known as CREB2, is a member of the CREB family
and has been shown to increase the threshold for LTP and impair
long-termmemory by competitive inhibition of CREB-mediated
transcription (Bartsch et al., 1995, 2000; Chen et al., 2003; Guan
et al., 2003; Ameri and Harris, 2008). Like PCAF, CBP and p300
have been shown to interact with ATF4 (Liang and Hai, 1997;
Lassot et al., 2005) and, similarly, we have found that p300 and
PCAF interact with ATF4 in primary cortical neurons (Fig. 4).
However, in contrast to the requirement of PCAF activity, we
observed no effect of p300/CBP inhibition onATF4 occupancy at
the zif268 promoter. Although there are no assays currently avail-
able to directly test for PCAF activity in vivo, and thus we cannot
exclude HAT activity as an underlying mechanism for the effect
of PCAF, our data suggest that within the context of fear extinc-
tion, it is more likely that PCAF functions as a transcriptional
coactivator to transiently regulate zif268 mRNA expression.
Thus, an important question remains as to how PCAF-specific
recruitment of ATF4 regulates the expression of zif268 specifi-
cally during fear extinction training. The promoter region of the
zif268 gene contains two proximal CRE elements and CREB in-
teracts with these CRE sites within the zif268 promoter (Al Sarraj
et al., 2005; Pradines et al., 2008; Mayer and Thiel, 2009). In
addition, it is generally accepted that members of the CREB fam-
ily can formhomodimers or heterodimers with transcription fac-
tors such as AP-1 and the basic helix-loop-helix family (Hai and
Hartman, 2001; Saxlund et al., 2004; Kang et al., 2007). For ex-
ample, Luo et al. (2003) found that binding of ATF4 to the CRE
site of the Grp78 promoter requires the formation of het-
erodimers with other transcription cofactors, including CREB.
Interestingly, ATF4 can also exert opposite effects on gene regu-
lation depending on the context. ATF4/c-Jun heterodimers inter-
act with anAP-1/CREB binding site in the promoter region of the
Ape1 gene, which functions permissively to increaseApe1mRNA
expression (Fung et al., 2007). Conversely, an interaction be-
tween ATF4 and the pseudokinase TRB3 leads to increased ATF4
transcriptional activity and competitive binding of ATF4 to a
CRE element within the Snap25 promoter, which inhibits CREB-
mediated Snap25 mRNA expression in ! cells (Liew et al., 2010).
Considering these findings, it is conceivable that, in the initial
phase of extinction learning, ATF4 occupies one or both of the
proximal CRE binding sites within the zif268 promoter and com-
petes with CREB binding that would normally be recruited by
other coactivators such as CBP or p300, thereby inhibiting zif268
gene expression. Indeed, our results show that 30 min after ex-
tinction training, ATF4 binding to the zi268 gene promoter is
increased (Fig. 6a), and there is a concomitant decrease in zif268
mRNAexpression at the same time-point (Fig. 6b), effects that do
not occur in the presence of a PCAF inhibitor (Fig. 6c,d). Impor-
tantly, the influence of extinction training on ATF binding is
specific to this form of learning and was not observed in animals
that had been fear-conditioned or fear-conditioned and exposed
to a neutral context without extinction training.
These findings suggest an intimate relationship between
specific epigenetic regulatory mechanisms and fear extinction
that is sensitive to both the external stimulus at the time of
learning and the precise timing of gene regulation associated
with the formation of competing memory traces. It is evident
that the epigenetic regulation of gene expression and its rela-
tionship with memory formation, particularly with respect to
fear extinction, is far more complex than currently under-
stood and is not simply a generalized effect of chromatin-
modifying enzymes on histone acetylation.
In summary, a PCAF-dependent and fear-extinction learning-
induced increase in ATF4 occupancy within the zif268 gene pro-
moterdisrupts zif268mRNAexpressionaroundthe timeof retrieval,
which may promote the formation of a fear extinction memory by
transiently interferingwith the reconsolidationof the originalmem-
ory trace. Thus, rather than its traditionally recognized role as a
HAT,PCAFappears to exert its influenceon fear extinctionby func-
tioning as transcriptional coactivator. Given that an increase in
PCAF activity at the time of extinction learning leads to a reduction
in the renewal of conditioned fear, targeted activation of PCAF rep-
resents a novel approach to selectively enhance memory for fear
extinction, whichmay prove useful as a pharmacological adjunct to
behavior therapy in the treatment of fear-related anxiety disorders.
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Brief Communication
Activation of BDNF signaling prevents the return
of fear in female mice
Danay Baker-Andresen, Charlotte R. Flavell, Xiang Li, and Timothy W. Bredy1
Psychiatric Epigenomics Laboratory, Queensland Brain Institute, The University of Queensland, Brisbane, Queensland 4072, Australia
There are significant sex differences in vulnerability to develop fear-related anxiety disorders. Females exhibit twice the rate
of post-traumatic stress disorder (PTSD) as males and sex differences have been observed in fear extinction learning in both
humans and rodents, with a failure to inhibit fear emerging as a precipitating factor in the development of PTSD. Here we
report that female mice are resistant to fear extinction, and exhibit increased DNA methylation of Bdnf exon IV and a con-
comitant decrease in mRNA expression within the medial prefrontal cortex. Activation of BDNF signaling by the trkB
agonist 7,8-dihydroxyflavone blocks the return of fear in female mice after extinction training, and thus represents a
novel approach to treating fear-related anxiety disorders that are characterized by a resistance to extinction and increased
propensity for renewal.
There are significant sex differences in terms of vulnerability to
develop fear-related anxiety disorders. Females exhibit twice the
rate of post-traumatic stress disorder (PTSD) as males (Olff et al.
2007), which cannot be explained by the severity of the experi-
enced trauma or comorbidity with other affective disorders
(Tolin and Foa 2006). Furthermore, sex differences have been ob-
served in fear extinction learning in humans and rodents, with a
failure to inhibit fear emerging as a precipitating factor in the de-
velopment of PTSD (Lebron-Milad et al. 2012; Ter Horst et al.
2012). In accordance with previous observations we have found
that there are significant sex differences in the extinction of con-
ditioned fear in mice. Male and naturally cycling female C57BL/6
mice (n ¼ 15–16/group, 9 wk of age) were first trained on a
cued-fear-conditioning task in which a 70-dB white noise (condi-
tioned stimulus [CS], 2 min) coterminated with mild foot shock
(unconditioned stimulus [US] 0.7 mA, 1 sec) on three occasions.
Twenty-hours later, micewere extinction trained in a new context
(30 nonreinforced, 2-min, 5-sec inter-trial interval, tone (CS) ex-
posures in context B). On Day 3, all mice were returned to context
B and tested (two CS presentations) for retention of memory for
fear extinction. There was no difference betweenmale and female
mice in the acquisition of cued fear (data not shown). However,
therewas a significant sex difference inmemory for the extinction
of conditioned fear (F(3,59)¼ 11.41, P, 0.0001; Tukey’s post hoc
test: fear conditioned without extinction training (FC-No EXT)
male vs. extinction trained (EXT) male, P, 0.0001; EXT male
vs. EXT female, P, 0.05), withmalemice exhibiting significantly
lower levels of freezing than females (Fig. 1). These data suggest
that female mice are resistant to the extinction of conditioned
fear; however, the neural mechanisms underpinning this effect
are not known.
Epigenetic mechanisms influence cognition andmemory by
regulating learning-induced gene expression (Day and Sweatt
2011). One such epigenetic mechanism is DNA methylation,
which has been implicated in experience-dependent plasticity
and in the formation and maintenance of fear-related memories
(Miller et al. 2010; Baker-Andresen et al. 2012). Activity-de-
pendent brain-derived neurotrophic factor (BDNF) signaling en-
hances neural plasticity and is necessary for the formation of
fear-related memories (Peters et al. 2010; Andero and Ressler
2012) with the epigenetic regulation of Bdnf expression being
shown to be critical for the acquisition and extinction of condi-
tioned fear (Bredy et al. 2007). Furthermore, dysregulation of
BDNF has been implicated in many neuropsychiatric disorders
(Boulle et al. 2012). Recently, significant sex differences in BDNF
signaling have been observed within the prefrontal cortex (Hill
and van den Buuse 2011), a region of the brain in which sexual
dimorphism in epigenomic function has also been reported (Xu
et al. 2008). However, it is not yet knownwhether there are sex dif-
ferences in the epigenetic regulation of Bdnf, which would subse-
quently contribute to the observed differences in fear-related
learning andmemory. To address this issue, wemeasured the level
of DNAmethylation surrounding the transcription start site (TSS)
of exon IVof the gene encoding BDNF bymethylated DNA immu-
noprecipitation (MeDIP) followed by quantitative PCR (qPCR)
(Fig. 2A). Briefly, genomic DNA was isolated from tissue samples
encompassing the prefrontal cortex by overnight proteinase K
treatment, phenol–chloroform extraction, ethanol precipitation,
and RNase digestion. Prior toMeDIP, genomicDNAwas randomly
fragmented by sonication into fragments of !500 bp in length,
with 1 mg fragmented DNA used for each MeDIP assay. MeDIP
was performed using a MeDIP assay kit (Active Motif) as per the
manufacturer’s instructions. Methylated DNA fragments were re-
covered by reverse cross-link followed by ethanol precipitation
and then quantified by qPCR using MEDIP-qPCR primers for
Bdnf exon IV (forward, 5′-GTGGACTCCCACCCACTTT-3′; reverse,
5′-TATTACCTCCGCCATGCAAT-3′).
In response to the extinction of conditioned fear, Bdnf ex-
pression is altered in an isoform-specific manner; Bdnf exon IV
expression increases in response to fear extinction and is marked
by learning-induced epigenetic modifications surrounding its
promoter (Bredy et al. 2007). Furthermore, reduced BDNF exon
IV expression is associated with deficits in inhibitory neurotrans-
mission in the prefrontal cortex (Sakata et al. 2009), thus adversely
affecting the formation andmaintenance of extinctionmemories
when occurring in the medial prefrontal cortex (ILPFC) (Akirav
et al. 2006), an area of the brain that is critically involved in fear
extinction. As opposed to examining the well-characterized pro-
moter region of Bdnf exon IV, we selected a locus immediately
downstream of TSS due to the presence of several binding motifs
for transcription factors, including Sp1, YY1, and CTCF, all of
which are known to interact with DNAmethylation in regulating
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transcriptional activity. As an indirect measure of the functional
relevance of variations in DNA methylation, we also measured
Bdnf exon IV mRNA expression within the ILPFC of naive male
and female mice. Briefly, RNA was isolated from samples encom-
passing the ILPFC of naive male and female mice using the
Trizol extraction method (Invitrogen). Total RNA (1 mg) was
used for cDNA synthesis using the Omniscript RT kit (Qiagen).
PCR was then performed using primers for Bdnf exon IV (for-
ward, 5′-GCAGCTGCCTTGATGTTTAC-3′; reverse, 5′-CCGTGGA
CGTTTACTTCTTTC-3′) and for phosphoglycerate kinase (Pgk)
as an internal control (forward, 5′-TGC
ACGCTTCAAAAGCGCACG-3′; reverse,
5′-AAGTCCACCCTCATCACGACCC-3′).
qPCRwasperformedusingaRotorGeneQ
(Qiagen) cycler using SYBR-green (Qia-
gen). The threshold cycle for each sample
was chosen from the linear range and
converted to a starting quantity by inter-
polation fromastandardcurve runonthe
same plate for each set of primers. Bdnf
exon IV mRNA levels were normalized
for each well to Pgk mRNA using the
DDCT method, and each qPCR was run
induplicate for each sample and repeated
at least two times. mRNA levels were ana-
lyzed by unpaired t-tests.
Our results revealed a significant
sex difference in DNA methylation and
mRNA expression. Naive female mice
exhibited significantly greater methyla-
tion (unpaired t-test, t ¼ 2.75, df ¼ 7,
P, 0.05) (Fig. 2C) relative to naive
males, which was accompanied by de-
creased levels of Bdnf exon IV mRNA ex-
pression (unpaired t-test, t¼ 2.04, df ¼ 6,
P, 0.05) (Fig. 2B). Together, these data
suggest a potential relationship between
sex differences in the epigenetic regula-
tion of Bdnf exon IV within the medial
prefrontal cortex and fear extinction in
mice. Therefore, we next asked whether
these differences could collectively be
overcome to promote the extinction of conditioned fear in female
mice.
A brief reminder CS after fear conditioning renders themem-
ory for that fear temporarily labile and sensitive to modification,
requiring re-stabilization or updating of the memory trace
through a process known as reconsolidation (Przybyslawski and
Sara 1997; Przybyslawski et al. 1999; Nader et al. 2000). Monfils
et al. (2009) capitalized on the labile nature of memory to intro-
duce a retrieval-extinction procedure to interfere with reconsoli-
dation and strengthen the formation of fear extinction memory
in rats. They observed a significant reduction in the fear response
that did not return as a function of spontaneous recovery, renew-
al, or reinstatement. These findings were subsequently replicated
in humans (Schiller et al. 2010), and in mice in which a single
nonreinforced CS prior to extinction training diminished the re-
newal of conditioned fear (Clem and Huganir 2010). However,
not all studies have demonstrated beneficial effects using this ap-
proach, and an exaggerated return of fear, dependent on the con-
text in which the fear memory is retrieved, has also been reported
(Chan et al. 2010). Based on these observations, we reasoned that
a retrieval-extinction protocol might be useful in promoting fear
extinction in females, which are otherwise resistant when exam-
ined in a standard fear extinction training protocol. Moreover,
as there are sex differences in the epigenetic regulation of cortical
BDNF expression and in basal levels of BDNF expression in other
structures of the fear extinction-related circuitry (Zhu et al.
2006), we hypothesized that fear extinction would be facilitated
through direct systemic activation of the downstream signaling
target of BDNF, the trkB receptor. 7,8-Dihydroxyflavone (7,8-
DHF) is a small molecule activator that binds to the trkB receptor
(Jang et al. 2010), thereby mimicking the effect of BDNF in the
brain. Systemic administration of 7,8-DHF has been shown to ac-
tivate trkB receptors, enhance learning and memory (Liu et al.
2010; Andero et al. 2011, 2012), and reverse memory deficits in
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Figure 1. Female mice exhibit impaired retention of fear extinction
memory compared to males. Twenty-four hours after a 30 CS extinction
session in context B, male mice (EXT male) freeze significantly less than
no-extinction controls (FC-No EXT male) when presented with two CS
in the extinction context, suggesting retention of the memory for extinc-
tion training. While no difference in the retention of fear is observed
between sexes (FC-No EXT male vs. FC-No EXT female), female mice
(EXT female) display a significant extinction impairment compared to ex-
tinguished males. (∗∗∗) P, 0.0001, (∗) P, 0.05.
Figure 2. Expression of Bdnf exon IV mRNA differs in naive males and female C57BL/6 mice and is
accompanied by differences in DNA methylation surrounding TSS. (A) DNA methylation levels were
measured at the TSS of exon IV of the gene encoding BDNF. A significant increase in methylation
was observed in females (C), along with a concurrent decrease in Bdnf exon IV expression (B), compared
to males. (∗) P, 0.05
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a preclinical model of age-related cognitive decline (Devi and
Ohno 2012; Zeng et al. 2012a, b). We therefore investigated
whether administration of 7,8-DHF, in combination with a mod-
ified version of the retrieval-extinction protocol, could aid in fur-
ther promoting extinction in female mice.
Female mice (n ¼ 8/group) were trained on a cued-fear-con-
ditioning task and 24 h later were exposed to a single retrieval
cue prior to extinction training in a new context (10 or 11 non-
reinforced tone exposures in context B, balanced for CS exposure
on retrieval). All mice were then returned to context B and tested
for retention of memory for fear extinction on Day 3 before being
tested for renewal of fear memory 24 h later in context A (Fig. 3A).
We found that a single exposure to a retrieval cue, prior to fear ex-
tinction training, led to significantly higher levels of within-
session freezing, and an exaggerated return of fear when the
mice were tested in the context in which fear was initially learned
(Fig. 3F), similar to the findings of Chan et al. (2010). In contrast,
there were no differences when tested in the extinction context B
(Fig. 3E). A single injection of 7,8-DHF (25 mg/kg, i.p., dissolved
in 10% DMSO in sterile saline), administered systemically 30
min prior to retrieval, led to a significant reduction in freezing
upon retrieval (unpaired t-test, t ¼ 2.88, df ¼ 14, P, 0.05) (Fig.
3C) and completely prevented the return of fear in context A
(F(3,31)¼ 3.03, P, 0.05; Tukey’s post hoc test; Vehicle Ret vs. 25
mg/kg 7,8-DHF Ret, P, 0.05) (Fig. 3F). This effect on renewal
was due in large part to the very strong effect of 7,8-DHF on
contextual memory, as indicated by the pre-CS freezing levels in
drug-treated mice (F(3,31) ¼ 4.66, P, 0.01; Tukey’s post hoc test;
Vehicle Ret vs. 25 mg/kg 7,8-DHF Ret, P, 0.05) (Fig. 3F).
Furthermore, this reduction in freezing was not due to a general-
ized increase in activity as there were no significant differences in
locomotion (distance traveled) either 30 min or 80 min post-
injection (Fig. 3B). Together these data suggest that 7,8-DHF pro-
motes a reduction in fear-related respondingduring and following
extinction training in female mice, consistent with results sug-
gesting that activation of BDNF signaling can induce extinction
in the absence of training (Peters et al. 2010).
This study generated threemain findings: (1) femalemice are
resistant to the extinction of conditioned fear; (2) there are sex dif-
ferences in the epigenetic regulation of Bdnf expression in the
medial prefrontal cortex; and (3) femalemice exhibit a significant
return of fear after extinction training in a retrieval-extinction
paradigm, effects that are completely blocked by targeted activa-
tion of BDNF signaling prior to memory retrieval and extinction
training. It is important to note that there is evidence to suggest
that sex differences in fear extinction are dependent on circulat-
ing gonadal hormone levels (Zeidan et al. 2011; Merz et al.
2012); however, naturally cycling mice were examined in this
study to closely mimic what occurs in the general population.
Moreover, regardless of cycle, we observed a significant sex differ-
ence in fear extinction that is associated with basal differences in
epigenetic regulation of Bdnfwithin the medial prefrontal cortex.
We cannot exclude the possibility that stage of estrous contribut-
ed to these effects (Spencer et al. 2010); however, our data on the
return of fear after exposure to a retrieval cue in female mice rep-
resent a third replication of this effect, making it unlikely that
these differences are strictly due to a hormonal influence on fear
extinction learning.
Few studies have considered whether there are sex differenc-
es in the epigenetic regulation of gene expression, although this is
an emerging concept (McCarthy et al. 2009). Using amousemod-
el that separates hormonal effects from sex chromosome-linked
gene effects, Xu et al. (2008) were the first to examine how genes
specifically encoded on sex chromosomes influence the way in
which the epigenome exerts an effect on gene expression. They
found that, regardless of gonadal phenotype, the expression pat-
tern of the H3K27me3 histone demethylase ubiquitously tran-
scribed tetratricopeptide repeat gene on X chromosome (Utx)
was highest in the cortex of femalemice.We have observed a sim-
ilar pattern of Utx expression specifically in the medial prefrontal
cortex in male and female mice (data not shown). Given the tight
association between H3K27me3 and DNA methylation, it is likely
that sex differences in the epigenome are broadly distributed
and contribute to the function of many genes and related behav-
iors. Our data on DNA methylation status of Bdnf exon IV give
but one prototypical example of how sex differences in the epige-
netic regulation of gene expression may influence fear-related
learning and memory. With respect to the influence of 7,8-DHF
on the return of fear, previous studies have indicated beneficial
effects of 7,8-DHF on fear extinction in paradigms where di-
minished capacities for extinction are observed, such as follow-
ing exposure to an acute stressor (Andero et al. 2011). These
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Figure 3. 7,8-Dihydroxyflavone prevents retrieval-induced renewal of fear. (A) Schematic representation of experimental protocol. (B) Analysis of dis-
tance traveled 30 and 80 min post-injection with either vehicle (10% DMSO in PBS) or 25 mg/kg 7,8-DHF reveals no effect of drug on locomotor activity.
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observations were later extended by the demonstration of a bene-
ficial effect of 7,8-DHF on stress-induced spatial memory impair-
ments (Andero et al. 2012). Thus, exposure to a retrieval cue
prior to fear extinction training may represent an acute stressor,
which leads to a significant increase in the return of fear in female
mice, an effect that can be completely prevented by activation of
BDNF signaling.
In summary, femalemice are resistant to fear extinction, and
exhibit increased DNA methylation of Bdnf exon IV and a con-
comitant decrease in mRNA expression within the medial pre-
frontal cortex. Together these findings suggest the intriguing
possibility that sex differences in epigenetic regulation of gene ex-
pression may represent a general distinction between the male
and female brain that will impact a variety of behaviors. In the
case of BDNF signaling, targeting downstream trkB receptors to
block renewal in female mice offers a novel approach to treating
fear-related anxiety disorders characterized by a significant return
of fear.
Acknowledgments
We gratefully acknowledge grant support from the Australian
Research Council (DP1096148). A postgraduate award from the
National Sciences and Engineering Research Council of Canada
supports D.B.-A., and X.L. is supported by postgraduate scholar-
ships from the University of Queensland and the ANZ Trustees
Queensland for medical research. We would like to also thank
Ms. Rowan Tweedale for helpful editing of the manuscript.
References
Akirav I, Raizel H, Maroun M. 2006. Enhancement of conditioned fear
extinction by infusion of the GABA(A) agonist muscimol into the rat
prefrontal cortex and amygdala. Eur J Neurosci 23: 758–764.
Andero R, Ressler KJ. 2012. Fear extinction and BDNF: Translating animal
models of PTSD to the clinic. Genes Brain Behav 11: 503–512.
Andero R, Heldt SA, Ye K, Liu X, Armario A, Ressler KJ. 2011. Effect of
7,8-dihydroxyflavone, a small-molecule TrkB agonist, on emotional
learning. Am J Psychiatry 168: 163–172.
Andero R, Daviu N, Escorihuela RM, Nadal R, Armario A. 2012.
7,8-Dihydroxyflavone, a TrkB receptor agonist, blocks long-term spatial
memory impairment caused by immobilization stress in rats.
Hippocampus 22: 399–408.
Baker-Andresen D, Ratnu VS, Bredy TW. 2012. Dynamic DNAmethylation:
A prime candidate for genomic metaplasticity and behavioral
adaptation. Trends Neurosci 36: 3–13.
Boulle F, van den Hove DL, Jakob SB, Rutten BP, Hamon M, van Os J,
Lesch KP, Lanfumey L, Steinbusch HW, Kenis G. 2012. Epigenetic
regulation of the BDNF gene: Implications for psychiatric disorders.Mol
Psychiatry 17: 584–596.
Bredy TW, Wu H, Crego C, Zellhoefer J, Sun YE, Barad M. 2007. Histone
modifications around individual BDNF gene promoters in prefrontal
cortex are associated with extinction of conditioned fear. Learn Mem
14: 268–276.
Chan WY, Leung HT, Westbrook RF, McNally GP. 2010. Effects of recent
exposure to a conditioned stimulus on extinction of Pavlovian fear
conditioning. Learn Mem 17: 512–521.
Clem RL, Huganir RL. 2010. Calcium-permeable AMPA receptor dynamics
mediate fear memory erasure. Science 330: 1108–1112.
Day JJ, Sweatt JD. 2011. Epigenetic mechanisms in cognition. Neuron 70:
813–829.
Devi L, Ohno M. 2012. 7,8-Dihydroxyflavone, a small-molecule TrkB
agonist, reverses memory deficits and BACE1 elevation in a mouse
model of Alzheimer’s disease. Neuropsychopharmacology 37: 434–444.
Hill RA, van den Buuse M. 2011. Sex-dependent and region-specific
changes in TrkB signaling in BDNF heterozygous mice. Brain Res 1384:
51–60.
Jang SW, Liu X, Yepes M, Shepherd KR, Miller GW, Liu Y, Wilson WD,
Xiao G, Blanchi B, Sun YE, et al. 2010. A selective TrkB agonist with
potent neurotrophic activities by 7,8-dihydroxyflavone. Proc Natl Acad
Sci 107: 2687–2692.
Lebron-Milad K, Graham BM, Milad MR. 2012. Low estradiol levels: A
vulnerability factor for the development of posttraumatic stress
disorder. Biol Psychiatry 72: 6–7.
Liu X, Chan CB, Jang SW, Pradoldej S, Huang J, He K, Phun LH, France S,
Xiao G, Jia Y, et al. 2010. A synthetic 7,8-dihydroxyflavone derivative
promotes neurogenesis and exhibits potent antidepressant effect. J Med
Chem 53: 8274–8286.
McCarthy MM, Auger AP, Bale TL, De Vries GJ, Dunn GA, Forger NG,
Murray EK, Nugent BM, Schwarz JM,WilsonME. 2009. The epigenetics
of sex differences in the brain. J Neurosci 29: 12815–12823.
Merz CJ, Tabbert K, Schweckendiek J, Klucken T, Vaitl D, Stark R, Wolf OT.
2012. Neuronal correlates of extinction learning are modulated by sex
hormones. Soc Cogn Affect Neurosci 7: 819–830.
Miller CA, Gavin CF, White JA, Parrish RR, Honasoge A, Yancey CR,
Rivera IM, Rubio MD, Rumbaugh G, Sweatt JD. 2010. Cortical
DNA methylation maintains remote memory. Nat Neurosci 13:
664–666.
Monfils MH, Cowansage KK, Klann E, LeDoux JE. 2009. Extinction-
reconsolidation boundaries: Key to persistent attenuation of fear
memories. Science 324: 951–955.
Nader K, Schafe GE, Le Doux JE. 2000. Fear memories require protein
synthesis in the amygdala for reconsolidation after retrieval. Nature
406: 722–726.
Olff M, Langeland W, Draijer N, Gersons BP. 2007. Gender differences in
posttraumatic stress disorder. Psychol Bull 133: 183–204.
Peters J, Dieppa-Perea LM, Melendez LM, Quirk GJ. 2010. Induction
of fear extinction with hippocampal-medial BDNF. Science 328:
1288–1290.
Przybyslawski J, Sara SJ. 1997. Reconsolidation of memory after its
reactivation. Behav Brain Res 84: 241–246.
Przybyslawski J, Roullet P, Sara SJ. 1999. Attenuation of emotional and
nonemotional memories after their reactivation: Role of beta
adrenergic receptors. J Neurosci 19: 6623–6628.
Sakata K, Woo NH, Martinowich K, Greene JS, Schloesser RJ, Shen L, Lu B.
2009. Critical role of promoter IV-driven BDNF transcription in
GABAergic transmission and synaptic plasticity in the prefrontal
cortex. Proc Natl Acad Sci 106: 5942–5947.
Schiller D,Monfils MH, Raio CM, Johnson DC, Ledoux JE, Phelps EA. 2010.
Preventing the return of fear in humans using reconsolidation update
mechanisms. Nature 463: 49–53.
Spencer JL, Waters EM, Milner TA, Lee FS, McEwen BS. 2010. BDNF variant
Val66Met interacts with estrous cycle in the control of hippocampal
function. Proc Natl Acad Sci 107: 4395–4400.
Ter Horst JP, Carobrez AP, van der Mark MH, de Kloet ER, Oitzl MS. 2012.
Sex differences in fear memory and extinction of mice with
forebrain-specific disruption of the mineralocorticoid receptor. Eur
J Neurosci 36: 3096–3102.
Tolin DF, Foa EB. 2006. Sex differences in trauma and posttraumatic stress
disorder: A quantitative review of 25 years of research. Psychol Bull 132:
959–992.
Xu J, Deng X, Watkins R, Disteche CM. 2008. Sex-specific differences in
expression of histone demethylases Utx and Uty in mouse brain and
neurons. J Neurosci 28: 4521–4527.
Zeidan MA, Igoe SA, Linnman C, Vitalo A, Levine JB, Klibanski A,
Goldstein JM, Milad MR. 2011. Estradiol modulates medial prefrontal
cortex and amygdala activity during fear extinction in women and
female rats. Biol Psychiatry 70: 920–927.
Zeng Y, Liu Y, Wu M, Liu J, Hu Q. 2012a. Activation of TrkB by
7,8-dihydroxyflavone prevents fear memory defects and
facilitates amygdalar synaptic plasticity in aging. J Alzheimers Dis 31:
765–778.
Zeng Y, Lv F, Li L, Yu H, Dong M, Fu Q. 2012b. 7,8-Dihydroxyflavone
rescues spatial memory and synaptic plasticity in cognitively impaired
aged rats. J Neurochem 122: 800–811.
Zhu SW, Yee BK, Nyffeler M, Winblad B, Feldon J, Mohammed AH. 2006.
Influence of differential housing on emotional behaviour and
neurotrophin levels in mice. Behav Brain Res 169: 10–20.
Received November 7, 2012; accepted in revised form February 12, 2013.
Sex differences and fear extinction
www.learnmem.org 240 Learning & Memory
 Cold Spring Harbor Laboratory Press on May 19, 2015 - Published by learnmem.cshlp.orgDownloaded from 
